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Abstract 
Fishing is the primary threat to marine species and ecosystems, but the details of the 
extent of overfishing remains fragmentary. Here, I provide new insights upon the 
global impacts of fishing on scombrids, which includes 51 species of tunas, Spanish 
mackerels, bonitos and mackerels, and advance our ability to identify, a priori, the 
characteristics of species that render them most vulnerable to overfishing. First, 
through a global meta-analysis of adult biomass trends, I show that scombrid 
populations have declined, on average, by 60% over the last half century. The 
decline in the total adult biomass is lower (52%) as it is buffered by a few larger 
sustainably fished populations. Second, I identify major gaps in biological knowledge 
and prioritize life history research needs, especially for the coastal scombrids. Then, I 
examine the diversity in their life histories, and reveal that most life history variation 
in scombrids can be simplified to three dimensions (governed by size, speed of life 
and reproductive schedule). Finally, I show that those scombrid populations with 
slowest life histories have experienced the largest declines in biomass and have a 
higher probability of being overfished. The speed of life traits - growth rate and 
longevity - are the best life history indicators of vulnerability to fishing. My thesis can 
be considered as a case-study in the importance of accounting for the varying life 
history strategies of species when planning conservation and management 
strategies.  
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Resumen 
La pesca es la principal amenaza para las especies y ecosistemas marinos; sin 
embargo, la escala y el alcance de estos impactos siguen siendo inciertos. Esta tesis 
aporta nuevos conocimientos sobre los impactos globales de la pesca en las 
especies de escómbridos (51 especies de atunes, petos, bonitos y caballas), y 
avanza en nuestra capacidad para identificar a priori qué especies son más 
vulnerables a la sobrepesca. En primer lugar, un meta-análisis global de las 
tendencias en la biomasa de adultos muestra que las poblaciones de escómbridos 
han disminuido, en promedio, un 60% durante el último medio siglo. La disminución 
de la biomasa total de adultos es menor (52%), ya que está mitigada por las 
poblaciones más abundantes y mejor gestionadas. En segundo lugar, se identifican 
carencias y falta de datos biológicos para las 51 especies de escómbridos y se 
establecen prioridades en investigación para las especies que más lo necesitan. En 
tercer lugar, se examina la diversidad en las historias de vida en escómbridos, y se 
muestra que la mayor parte de la variación puede simplificarse en tres dimensiones 
(gobernadas por el tamaño máximo corporal, la velocidad de la vida y el calendario 
reproductivo). Por último, se muestra que las poblaciones de escómbridos con 
historias de vida más lentas han experimentado los mayores descensos en biomasa 
y tienen una mayor probabilidad de ser objeto de sobrepesca. La parámetros 
biológicos con unidades de medida de tiempo - la tasa de crecimiento y la 
longevidad - son los mejores indicadores de la vulnerabilidad de las especies a la 
pesca. Esta tesis se centra en los escómbridos como caso de estudio para resaltar 
la importancia de las distintas estrategias de vida de las especies a la hora de 
planificar estrategias de conservación y gestión. 
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Resumo 
A pesca é a principal ameaza para as especies e ecosistemas mariños; con todo, a 
escala e o alcance destes impactos seguen sendo incertos. Esta tese aporta novos 
coñecementos sobre os impactos globais da pesca nas especies de escómbridos 
(51 especies de atúns, petos, bonitos e xardas), e avanza na nosa capacidade para 
identificar a priori qué especies son máis vulnerables á sobrepesca. En primeiro 
lugar, unha meta-análise global das tendencias na biomasa de adultos mostra que 
as poboacións de escómbridos diminuíron, en promedio, un 60% durante o último 
medio século. A diminución da biomasa total de adultos é menor (52%), xa que está 
mitigada polas poboacións máis abundantes e mellor xestionadas. En segundo 
lugar, identifícanse carencias e falta de datos biolóxicos para as 51 especies de 
escómbridos, e establécense prioridades en investigación para as especies que 
máis o necesitan. En terceiro lugar, examínase a diversidade nas historias de vida 
dos escómbridos, e móstrase que a maior parte da variación pode simplificarse en 
tres dimensións (gobernadas polo tamaño máximo corporal, a velocidade da vida e o 
calendario reprodutivo). Para rematar, móstrase que as poboacións de escómbridos 
con historias de vida máis lentas experimentaron os maiores descensos en biomasa, 
e teñen unha maior probabilidade de ser obxecto de sobrepesca. Os parámetros 
biolóxicos con unidades de medida de tempo - a taxa de crecemento e a 
lonxevidade - son os mellores indicadores da vulnerabilidade das especies á pesca. 
Esta tese resalta a importancia das estratexias de vida das especies para planificar 
estratexias de conservación e xestión. 
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Chapter 1.  
 
Introduction 
Human induced impacts on marine ecosystems such as overexploitation of natural 
resources, eutrophication, habitat degradation, climate change and ocean acidification, 
are increasing and accelerating, yet our understanding of how marine ecosystems are 
responding to these impacts remains incomplete and uncertain (Millennium Ecosystem 
Assessment 2005, Sala and Knowlton 2006, Blanchard et al. 2010, Brander et al. 2010, 
Hoegh-Guldberg and Bruno 2010). Among all threats, fishing has been identified as the 
primary threat to marine species and ecosystems (Reynolds et al. 2005, Coll et al. 2008, 
McClenachan et al. 2012). Assessing the impacts of fishing on marine species and at the 
ecosystem-scale is challenging, in part because large-scale experiments and long-term 
manipulations in open marine systems are rarely possible (Bundy et al. 2012, Jensen et 
al. 2012). Therefore, existing fishery data sets collected by governments throughout the 
world, and biological and ecological data sets generated in hundreds of international, 
regional and local scientific projects within the last century, when pooled together, become 
a potential valuable resource of information to tackle global ecological questions by 
searching for patterns and processes at large spatial and temporal scales. This thesis is 
part of a European project entitled METAOCEANS “Elucidating the structure and 
functioning of marine ecosystems through synthesis and comparative analysis” 
(Metaoceans 2006). The principal motivation of METAOCEANS was to train a new 
generation of scientists to use novel techniques, such as meta-analysis and comparative 
analysis techniques, to synthesize and re-analyze vast amount of existing data under a 
broader perspective. The METAOCEANS project trained 14 PhD students to utilize the 
vast resources of existing biological, ecological and fisheries data sets, which are 
commonly dispersed and underutilized, and exploit them in order to advance our 
understanding on the functioning and structure of marine ecosystems, as well as advance 
our abilities to predict how marine ecosystem are responding to human impacts. 
Within the METAOCEANS vision of tackling broad ecological questions by means of 
meta-analysis techniques, this thesis aims to provide new insights on the impacts of 
fishing on marine species and marine ecosystems, and advance our predictive abilities to 
identify which species might be most vulnerable to fishing. In the last few decades, there 
has been a push to manage fisheries using an ecosystem approach, where maximizing 
the catch of single target fish species is no longer the main focus of management, and 
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instead there is an urge to account for other ecosystem components to ensure a balance 
between exploiting marine resources and maintaining healthy ecosystems (FAO 2003, 
Pikitch et al. 2004, Garcia 2010, Jennings and Rice 2011). I see two main challenges in 
the current management of marine fisheries, which are slowing down our progress to 
apply ecosystem-based fisheries management on marine species:  
(1) Our understanding of the impacts of fishing on marine species and marine 
ecosystems remains fragmentary and uncertain.  
(2) Less than 1% of fish species have been properly assessed. Therefore, the 
biological status for the immense majority of marine fish species that are impacted 
directly or indirectly by fisheries is not known.  
The first challenge reflects our limited understanding of the direct and indirect effects of 
fishing on marine species and marine ecosystems (Sala and Knowlton 2006, Crowder et 
al. 2008, Shin et al. 2010). On one hand, marine systems are very dynamic which makes 
it very hard to quantify the effects of fishing on fish populations and even harder to 
quantify how these impacts in turn alter the structure and function of marine ecosystems 
(Planque et al. 2010, Glaser et al. 2013). On the other hand, quality data to quantify the 
impacts of fishing on marine species and ecosystems is available for a relatively small 
number of species, typically only those of a high economic importance (Reynolds et al. 
2005, Ricard et al. 2012). Consequently, the current global status of the word’s fisheries 
remains fragmented and highly contested, in part because the sources and quality of the 
data differ among species. According to the Food and Agriculture Organization (FAO), in 
2009, 57.4% of the fish stocks monitored by FAO were fully exploited (production close to 
their maximum sustainable limits), 29.9% were overexploited and 12.7% were non-fully 
exploited (FAO 2012). The FAO global fishery status assessment, which is based on 
official government catch statistics and expert opinion using direct indicators of the state of 
resources, covers approximately 600 marine fish populations distributed throughout the 
world. There have been also other attempts to assess the global status of fisheries using 
catch-based methods, which has the advantage of including a large number of species for 
which landing data is available (Froese et al. 2012, Pauly 2013). However, these studies 
have been criticized because by using catch data, as a substitute to reflect fish 
abundances and infer status, these catch-based methods might be exaggerating the 
status of world fisheries (Branch et al. 2011, Carruthers et al. 2012). Alternatively, it has 
been suggested that global attempts to evaluate the global state fisheries should use 
abundance data derived from fishery stock assessments (Polacheck 2006, Sibert et al. 
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2006, Branch et al. 2011). A state of the art fishery stock assessment collates a wide 
variety of fisheries dependent and independent data as well as data on the biology of the 
species, to derive abundance trajectories, determine sustainable yields, and estimate 
current status (Cooper 2006). Although data on fish abundances and stock assessments 
might be the preferred sources of information to deduce the global state of fisheries, 
irremediably these data and analyses are only available for a limited number of exploited 
populations and species. Even, the FAO global catch data set leaves out numerous fish 
populations and species for which there are no official statistics, notably, excluding 
bycatch species and species exploited by artisanal and subsistence fisheries (Zeller and 
Pauly 2007). This takes us to the second challenge.  
Globally there are more than 15,000 marine fish species. Marine fish species and the 
fisheries they support, provide economic goods and ecosystem services to humanity 
(Millennium Ecosystem Assessment 2005). Nonetheless, less than 1% of fish species 
have been properly assessed (Dulvy et al. 2004, Costello et al. 2012). The biological 
status for the immense majority of marine fish species that are impacted directly or 
indirectly by fisheries is not known (Worm et al. 2009, Costello et al. 2012, Ricard et al. 
2012). How many fish species are potentially overexploited and ultimately threatened with 
extinction? Understanding what species might be most at risk and the development of 
methods to identify a priori what species are most vulnerable to fishing exploitation can be 
very useful for guiding the management and planning effective conservation strategies 
(Cheung et al. 2005, Reynolds et al. 2005, Pinsky et al. 2011). One way to approach this 
challenge has been to understand the link between the life histories of the species and 
their vulnerability to fishing. The life history and ecology of a species determines, at least 
in part, how a species respond to exploitation. Therefore, the identification of potential 
biological and ecological correlates of species vulnerabilities to fishing are very useful to 
predict the species capacity to respond to fishing in data poor situations (Jennings et al. 
1998, Dulvy et al. 2004, Reynolds et al. 2005, Hutchings et al. 2012b, Pardo et al. 2012). 
The biological information of a species is more readily available than fisheries dependent 
and independent data sets which are needed to develop fishery stock assessment 
models. Therefore, “rule-of-thumb” approaches based on the biology of the species have 
been proposed as a quick way to rapidly assess the conservation status of the species 
and identify those most at risk in data-poor situations, as a way to prioritize resources and 
efforts (Reynolds et al. 2001, Dulvy et al. 2004, Reynolds et al. 2005). The intrinsic 
biological characteristics of species, in combination with a measure of exposure to fishing, 
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might provide an opportunity to rank species according to their vulnerabilities to fishing, 
which forms the basis for ecological risk assessment methods (Hobday et al. 2011).  
In this thesis I focus on scombrid species when addressing these two global challenges. 
The scombrids, which include 51 species of tunas, Spanish mackerels, bonitos and 
mackerels (Family Scombridae), are major components of the pelagic ecosystems being 
epipelagic and epi-mesopelagic predators (Collette and Nauen 1983).  Scombrids occupy 
high trophic levels in the marine food web, consuming large quantities of prey to satisfy 
their high metabolic requirements (Brill 1996, Korsmeyer and Dewar 2001). Their life 
cycles are confined to marine open waters, although some species are associated with 
coral reefs and use estuarine and riverine habitats (Collette and Nauen 1983). They are 
widely distributed throughout the tropical, subtropical and temperate waters of the world’s 
oceans, with a large number of species being endemic to the Indo-Pacific region. In 
addition to their key ecological roles as top predators in marine ecosystems, scombrid 
species are also economically, socially and culturally important in many fishing 
communities and nations throughout the world. They support important and diverse 
commercial fisheries throughout their distributions, ranging from large-scale industrial to 
small-scale artisanal fisheries, and many species are caught in recreational fisheries 
worldwide (Collette 2002, Pillai et al. 2002, Majkowski 2007, Di Natale et al. 2009, Miyake 
et al. 2010). Annual catches of scombrids have risen continuously since the 1950s, 
reaching 9.6 million tonnes in 2010 (FAO 2010-2013). Together, all scombrid catches 
contribute up to 15% of the annual total marine fish catch and are worth in excess of US$ 
5 billion each year (Majkowski 2007, FAO 2009). Among scombrid species, seven species 
of tunas are commonly known as the principal market tunas due to their economic 
importance in the global markets. These include albacore (Thunnus alalunga), bigeye tuna 
(T. obesus), Atlantic bluefin tuna (T. thynnus), Pacific bluefin tuna (T. orientalis), southern 
bluefin tuna (T. maccoyii), yellowfin tuna (T. albacares) and skipjack tuna (Katsuwonus 
pelamis). The principal market tunas have widespread oceanic distributions, are highly 
migratory, sustain highly industrialized fisheries worldwide and are a highly valued in the 
international trade as a commodity for the canning and sashimi industry (Collette and 
Nauen 1983, Majkowski 2007). The rest of scombrid species, the small tunas, bonitos, 
Spanish mackerels, and mackerels have in general more coastal distributions and are 
associated with continental shelves or oceanic islands (Collette and Nauen 1983). While 
the economic value of coastal scombrids is lower in the global markets, they can reach 
high values locally supporting a diversity of fisheries (Pillai et al. 2002, Di Natale et al. 
2009). These are largely small-scale artisanal fisheries but also semi-industrial and 
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industrial fisheries, in both developed and developing countries (Collette and Nauen 1983, 
Gillett et al. 2001, Pillai et al. 2002, Majkowski 2007, Di Natale et al. 2009, Miyake et al. 
2010). Hence, scombrid species are an important source of wealth and food security to 
fishing communities throughout the world.  
There are two main reasons this thesis focuses on scombrid species. First, the impacts of 
fishing on pelagic species, particularly tunas, has been debated intensely in the past, 
giving rise to divergent views on the scale and extent of the impacts on pelagic 
ecosystems (Myers and Worm 2003, Hampton et al. 2005, Myers and Worm 2005a, Sibert 
et al. 2006). Given their economic, ecological and social importance, the scale and extent 
of the global fishing impacts on this important group of species are surprisingly uncertain. 
In 2003, one of the first syntheses brought the plight of ocean predators (mainly large tuna 
and billfish species) to the attention of the wider scientific community, concluding that 
global community biomass of large pelagic fishes had been reduced by approximately 
90% from pre-industrial fisheries abundance (Myers and Worm 2003). However, this work 
relied heavily upon an analysis of catch and effort data from only one fishing gear type as 
index of abundance, resulting in an overestimation of tuna declines (Walters 2003, 
Hampton et al. 2005, Polacheck 2006). An alternative source of data and indicators can 
be found in fisheries stock assessments, which provide a more reliable estimate of 
population size and trajectory (Polacheck 2006, Sibert et al. 2006, Worm et al. 2009). 
Given the increasing availability of stock assessments in scombrid populations, it seems 
timely to evaluate the global development, trajectory and sustainability of this group of 
species, which in turn, will also provide new insights on the global impacts of fishing on 
marine species and marine ecosystems. Second, some scombrid species are probably 
among the most extensively studied species of marine fishes. Their increasing economic 
importance during the last 50 years has led to a relatively large number of biological 
studies and fisheries stock assessments. This cumulative amount of information (1) 
provides an opportunity to study the diversity of life history strategies in this family of 
fishes, which knowledge is fundamental to our understanding of how species respond to 
human exploitation, and (2) makes one of the longest, large-scale fisheries data sets 
available for testing the role of life histories and fishing in determining the population 
trajectories of scombrid populations and their current exploitation status. Potentially, 
comparative analysis of multiple species that have evolved distinct life history strategies 
and have different histories of exploitation can provide insights on what biological 
characteristics makes species more vulnerable to fishing. Comparative analysis can 
provide the quantitative basis to develop tools for predicting how species respond to 
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exploitation and identify what species are more at risk in data-poor situations (Jennings et 
al. 1998, Jennings et al. 1999b, Anderson et al. 2011).  
Objectives 
Have industrial fisheries removed 90% of the biomass of tunas? Can simple life history 
traits be used to diagnose those scombrid species most likely to decline and become 
overfished? And, what are the critical data gaps hindering the assessments and 
conservation in scombrid species? In this thesis, we address these questions by carrying 
out a global meta-analysis of biomass trends in scombrid populations in order to provide a 
more accurate picture of the global impacts of fishing on this group of species; and by 
assessing the role of their life histories in determining their population trajectories in order 
to advance our predictive abilities to identify which species might be most vulnerable to 
fishing. This thesis also has the overarching goal of exploiting and maximizing the use of 
existing data sets, and analyzing them using novel techniques, such as meta-analysis and 
comparative methods. Therefore, the development of this thesis required the a priori 
compilation of existing fisheries data and life history data for all scombrid species globally, 
which resulted in the construction of two data sets. One data set consists of a worldwide 
compilation of all available age-structured stock assessments of scombrid populations. 
After careful data screening, I end up with stock assessments for 26 populations of 11 
species of scombrids. The second data set consists of a worldwide compilation of life 
history data, including information on maximum size, growth, longevity, maturity, spawning 
season and fecundity for the 51 species of scombrids. This life history data set includes 
life history information extracted from 684 life history studies.  
Using the compiled data sets, I address the main objectives of this thesis in the following 
chapters (Figure 1.1): 
In Chapter 2, I evaluate the global trajectories in adult biomass of 26 populations of 
scombrids from 1954 to 2006 and quantify the overall impact of fishing globally, including 
the extent of the impact within major oceans, major taxonomic groups and species with 
different life histories using mixed models. Have industrial fisheries removed 90% of the 
biomass of tunas globally? What is the current exploitation status of scombrids globally? I 
review their current exploitation status and discuss the implications for the long-term 
sustainability of this group of species. 
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Figure 1.1  Thesis structure illustrated with a flow diagram.  
 
Then, I turn my focus to examine the main patterns in life history variation across 
scombrid species and characterize their life history strategies, which is fundamental to our 
understanding of how species respond to human exploitation. In Chapter 3 I focus on 
synthesizing the life history information assembled and critically review it to identify gaps 
in biological knowledge across the 51 species of scombrids. Are there critical data gaps 
hindering the assessment and conservation of scombrid species? I make 
recommendations to prioritize life history research needs in scombrid species based on 
their biological gaps in knowledge, the importance of their fisheries and their current 
conservation status according to the International Union for Conservation of Nature 
(IUCN) Red List. Then in Chapter 4, I focus on examining the main patterns in the life 
history traits across scombrid species and use multivariate analyses to examine the co-
variation among traits and evaluate how many principal axes of trait variation underlie 
scombrid life history strategies. Can the diversity of scombrid life histories be simplified to 
a reduced number of strategies and dimensions? 
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In Chapter 5, I use the ecological insights gained in Chapter 2, 3 and 4, to develop and 
test several a priori hypotheses to examine the role of life histories and fishing in 
determining the population trajectories and current exploitation status of scombrids using 
an information-theoretic approach for data analysis. What life history traits best diagnose 
those populations most likely to decline and be overfished? In this chapter, I aim to 
advance our predictive abilities to identify which populations and species might be most 
vulnerable to fishing. 
In the final chapter, I summarize the main findings of each chapter and discuss their 
implication for the management and conservation of scombrid species. Then, I 
contextualize the implications of the main findings towards advancing the implementation 
of ecosystem based fisheries management in the world fisheries, and discuss the potential 
of future work. 
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Chapter 2.  
 
Global population trajectories of tunas and their 
relatives1 
Abstract  
Tunas and their relatives dominate the world’s largest ecosystems and sustain some of 
the most valuable fisheries. The impacts of fishing on these species have been debated 
intensively over the past decade, giving rise to divergent views on the scale and extent of 
the impacts of fisheries on pelagic ecosystems. We use all available age-structured stock 
assessments to evaluate the adult biomass trajectories and exploitation status of 26 
populations of tunas and their relatives (17 tunas, 5 mackerels and 4 Spanish mackerels) 
from 1954 to 2006. Overall, populations have declined on average by 60% over the last 
half century, but the decline in the total adult biomass is lower (52%) driven by few 
abundant populations. The trajectories of individual populations depend on the interaction 
between life histories, ecology and fishing pressure. The steepest declines are exhibited 
by two distinct groups: the largest longest-lived highest-value temperate tunas and the 
smaller short-lived mackerels, both with most of their populations being overexploited. The 
remaining populations, mostly tropical tunas have been fished down to approximately 
maximum sustainable yield levels preventing further expansion of catches in these 
fisheries. Fishing mortality has increased steadily to the point where around 12.5% of the 
tunas and their relatives are caught each year globally. Overcapacity of these fisheries is 
jeopardizing their long-term sustainability. To guarantee higher catches, stabilize profits, 
and reduce collateral impacts on marine ecosystems requires the rebuilding of 
overexploited populations and stricter management measures to reduce overcapacity and 
regulate threatening trade. 
                                                
1 A version of this chapter is published as, Juan-Jordá, M. J., I. Mosqueira, A. B. Cooper, J. Freire, and N. K. Dulvy. 2011. Global 
population trajectories of tunas and their relatives. Proceedings of the National Academy of Sciences of the United States of 
America 51:20650-20655. 
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Introduction 
Humans have long exploited the margins of pelagic ecosystems but only over the last half 
century has rapid technological development allowed fisheries to operate regularly beyond 
the sight of land and exploit vast populations of oceanic fishes which were relatively 
untouched (Myers and Worm 2003, Swartz et al. 2010). Fifty or more years later, the 
global impact of fishing on pelagic fishes and their ecosystems is only now beginning to be 
understood (Sibert et al. 2006, Worm et al. 2006). Tunas and their relatives, which include 
51 species of tunas, Spanish mackerels, bonitos and mackerels (collectively known as 
scombrids) are major components of pelagic ecosystems, being both important predators 
and forage species which are widely distributed throughout the temperate and tropical 
epipelagic waters of the world’s oceans (Table 2.S1). The majority of tunas and their 
relatives are highly migratory with widespread oceanic and coastal distributions; therefore 
their management and conservation are under the jurisdiction of several international 
management organizations such as the tuna Regional Fisheries Management 
Organizations (RFMOs) (see SI.1.3). These predators and forage fishes support some of 
the largest and most valuable of the world’s fisheries, sustaining industrial and artisanal 
fisheries throughout their ranges and comprise 12% of global capture fisheries worth US$ 
5 billion a year (Majkowski 2007, FAO 2010) (see SI.1.2).  
Given the ecological, social and economic importance of tunas and their relatives one 
might expect that their status and trajectories would be closely monitored and well 
understood, particularly in an era of monitoring progress toward global biodiversity targets 
(Butchart et al. 2010). However, the scale and extent of the global fishing impacts on 
these important species are surprisingly uncertain (Myers and Worm 2003, Hampton et al. 
2005, Majkowski 2007). In 2003, one of the first syntheses brought the plight of ocean 
predators (mainly tuna species) to the attention of the wider scientific community, 
concluding that global community biomass of large pelagic fishes had been reduced by 
around 90% from pre-industrial abundance (Myers and Worm 2003). However, this work 
relied heavily upon an analysis of catch and effort data from only one fishing gear-type 
resulting in an overestimation of tuna declines (Walters 2003, Hampton et al. 2005, 
Polacheck 2006). Alternatively, fisheries stock assessments provide a more reliable 
estimate of population size and trajectory and are regarded as the preferred source of 
information with which to assess the effects of fishing on fish populations and ecosystems 
(Polacheck 2006, Worm et al. 2009, Hutchings et al. 2010, Branch et al. 2011). In light of 
the problems with catch data, the increasing availability of stock assessments and 
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increasing public concern for the sustainable long-term management of natural resources 
it seems timely to evaluate the global development, trajectory and sustainability of tuna 
fisheries and their relatives.  
Here we evaluate the trajectory and exploitation status of 26 populations of tunas and their 
relatives. First, we quantify the overall impact of fishing on adult biomass globally, 
including the extent of the impact within major oceans, major taxonomic groups and 
species with different life-history strategies using two metrics; the average annual rate of 
change and the total extent of decline. Second, we compare the adult biomass trajectories 
against the current exploitation status of each population determined by two standard 
biological reference points: the ratio of the current adult biomass relative to the adult 
biomass that would provide the Maximum Sustainable Yield (MSY) (B/BMSY) and the ratio 
of current fishing mortality relative to the fishing mortality rate that maintains MSY (F/FMSY).  
Results 
We assembled age-structured stock assessments with >15 years of data for 17 tuna 
populations (7 species), 5 mackerel populations (2 species) and 4 Spanish mackerel 
populations (2 species) out of the 51 species of scombrids (Figure 2.1, Figure 2.S1 and 
Table 2.S2). We observe that those mackerel and tuna species with the largest number of 
stock assessments are the most economically important species comprising 70% of the 
global reported catches (Figure 2.2A). In contrast, the small tunnies, Spanish mackerels 
and bonitos, which are mainly tropical coastal species, have a smaller number of stock 
assessments available. The status of these tropical coastal scombrids is mostly unknown 
throughout their ranges despite the importance of their commercial fisheries for many 
coastal fishing communities in many developed and developing countries around the 
world (See SI.2). 
Trajectories of catches and adult biomass across tunas and their 
relatives. 
The annual catches of tuna and their relatives have risen continuously since the 1950s 
reaching 9.5 million tonnes in 2008 (Figure 2.2A). This increase in catches was achieved 
by halving global tuna biomass in half a century; total adult biomass summed across all 
monitored populations has declined globally by 52.2% from 1954 to 2006 (Figure 2.2B-C). 
This total extent of decline depends on the inclusion of the most abundant populations,  
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Figure 2.1 Age-structured stock assessments were available for 26 populations 
(11 species) of tunas and their relatives.  
(A) Geographic locations. (B) Temporal span. Abbreviations for population names: N., north, S., 
south, E., east, W., west, N.E., northeast; U.S., United States, G.O.M., Gulf of Mexico; T.C., 
Tsushima Current.  
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Figure 2.2 Global catches and adult biomass trajectories of tunas and their 
relatives. 
(A) Catches of the major taxonomic groups of tunas and their relatives in the world from 
1950 through 2008. (B) Relative adult biomass summed across 26 populations of tunas and 
their relatives (thick solid line), standardized to 1 in 1954. Faint grey lines and black dashed 
lines show the effect of excluding one population at a time from the global trend and 
recalculating the relative adult biomass. The dashed line show the effect of excluding the most 
influential population. (C) Estimated overall extent of decline in total adult biomass from 1954 
to 2006 (thick solid diamond) and the effect of excluding one popualtion at at time and 
recalculating the total extent of decline (solid circles).  
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and their contribution to the overall decline can be seen by excluding one population at a 
time from the analysis and recalculating the overall trend (jackknifing). The overall extent 
of decline would have been 8.2% greater (60.4%) were it not for the inclusion of the 
abundant west Pacific skipjack tuna population. The overall annual rate of decline can be 
calculated from the yearly (i) changes in biomass (ri,j) among populations (j), which 
accounts for temporal autocorrelation and the wide variation in the absolute size of 
populations (See Methodology Section). On average the annual rate of change in adult 
biomass was -1.7% y-1 [95 % confidence intervals (CI): -2.6 to -0.9] across the 26 
populations from 1954 to 2006. This global annual rate of change is equivalent to an 
average decline of 59.9% across all populations within the 52 year period. Moreover, the 
trajectories in adult biomass of tunas and their relatives vary widely across oceans, 
taxonomic groups, species and life history strategies (Figure 2.3 and Figure 2.S2). 
Trajectories of catches and adult biomass across tunas and their 
relatives. 
The annual catches of tuna and their relatives have risen continuously since the 1950s 
reaching 9.5 million tonnes in 2008 (Figure 2.2A). This increase in catches was achieved 
by halving global tuna biomass in half a century; total adult biomass summed across all 
monitored populations has declined globally by 52.2% from 1954 to 2006 (Figure 2.2B-C). 
This total extent of decline depends on the inclusion of the most abundant populations, 
and their contribution to the overall decline can be seen by excluding one population at a 
time from the analysis and recalculating the overall trend (jackknifing). The overall extent 
of decline would have been 8.2% greater (60.4%) were it not for the inclusion of the 
abundant west Pacific skipjack tuna population. The overall annual rate of decline can be 
calculated from the yearly (i) changes in biomass (ri,j) among populations (j), which 
accounts for temporal autocorrelation and the wide variation in the absolute size of 
populations (See Methodology Section). On average the annual rate of change in adult 
biomass was -1.7% y-1 [95 % confidence intervals (CI): -2.6 to -0.9] across the 26 
populations from 1954 to 2006. This global annual rate of change is equivalent to an 
average decline of 59.9% across all populations within the 52 year period. Moreover, the 
trajectories in adult biomass of tunas and their relatives vary widely across oceans, 
taxonomic groups, species and life history strategies (Figure 2.3 and Figure 2.S2). 
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Figure 2.3 Adult biomass trajectories of tunas and their relatives within oceans. 
 (A-D), taxonomic and ecological groups (E-H,L) and life histories (I-L). (A,E,I) Total adult biomass 
in million tonnes. (B-D, F-H, J-L) Relative adult biomass across all populations (thick solid line) 
standardized to 1 in 1954. Faint and dashed lines show the effect of excluding one population at a 
time and recalculating the relative adult biomass. Dashed lines show the effect of excluding the 
most influential populations. The adult biomass of Spanish mackerels were eliminated from panel E 
because their absolute adult biomass was negligible relative to the other groups. Albacore tuna and 
the Atlantic, Pacific and Southern bluefin tunas are considered temperate tunas and skipjack, 
yellowfin and bigeye tunas are considered tropical tunas. Maximum body size of species is in table 
S1.  
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The total extent of decline in adult biomass has been greatest in the Indian Ocean with a 
63.6% decline from 1954 to 2006, compared with a 49.6% and 49.2% decline in the 
Atlantic and Pacific Oceans respectively (Figure 2.3A-D). In the Pacific Ocean, the 
catches of tunas and their relatives is dominated by the abundant West Pacific skipjack 
tuna adult biomass which comprises 64% of the total tuna catches in the western Pacific 
Ocean. After excluding West Pacific skipjack the extent of decline in adult biomass in the 
Pacific Ocean is 66.6%. Therefore, the large observed declines in adult biomass suggest 
substantial impacts of fisheries in all three oceans despite the different timing in the 
historical expansion of industrial fisheries. Industrial fisheries, particularly targeting tuna 
species, started in the 1950s and 1960s in the Atlantic and Pacific Oceans while it fully 
developed two decades later in the Indian Ocean. We also observed the fastest annual 
rates of decline within the 52 year period occurred in the Indian Ocean (-3.2 % y-1 CI: -4.8 
to -1.6) (Figure 2.3C and Figure 2.S2A), possibly due to aggressive and poorly regulated 
artisanal and industrial fisheries operating in a relatively lightly exploited ocean.  
Of the three major taxonomic groups of tunas and their relatives, only the total adult 
biomass of all Spanish mackerels has recovered, increasing by 38.2% over the last half 
century (Figure 2.3F). The status of the four Spanish mackerel populations off the 
southeast coast of the US is currently healthy following the implementation of a recovery 
program after many years of overfishing (Ortiz 2004). Of the other two taxonomic groups, 
the total adult biomass of all mackerels has declined the most (58.1%) while tunas have 
declined by 49.1% (Figure 2.3G, L). However, after excluding the abundant west Pacific 
skipjack tuna, the total biomass of all tunas has decreased by 62.5% from 1954 to 2006.  
The life history and ecology of fishes is intimately linked to their response to exploitation. 
Larger species tend to be preferentially targeted by fisheries over smaller species and 
may be intrinsically more sensitive to fishing due to their relatively less productive life 
histories (Reynolds et al. 2005). However, this ecological pattern can be overwritten by 
aggressive globalised fisheries (Pinsky et al. 2011). We observed that the total adult 
biomass of the largest species - bluefins, bigeye and yellowfin tunas, and the smallest 
species, the mackerels, have declined the most, 62.8% and 58.1% respectively since 
1954 (Figure 2.3I-L). In addition, we only found significant and steep rates of declines in 
adult biomass in the largest species, -2.4% y-1 (CI: -3.5 to -1.4) (Figure 2.3J and Figure 
2.S2A). We hypothesize that the large inter-annual variability observed in the adult 
biomass trends of the smallest pelagic coastal species, may be hindering the detection of 
significant declines in their overall annual rates of change (Figure 2.S3).  
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We also find that the biogeography of tuna life histories also matters. Temperate tuna 
populations have declined more steeply, -3.1% y-1 (CI: -4.2 to -1.9) than the tropical tunas, 
-1.7% y-1 (CI: -2.8 to -0.7) (Figure 2.3H and Figure 2.S2A). These rates are equivalent to 
an average decline of 80.2% across all the temperate tuna populations and 59.5% across 
all the tropical tuna populations. Temperate and tropical tuna species have 
biogeographically-distinct life history strategies: temperate species (bluefin and albacore 
tunas) are longer lived, reproduce later, have a shorter breeding season and a 
geographically more restricted breeding site than the tropical tuna species (yellowfin, 
skipjack and to some extent bigeye tuna) making them more accessible to fisheries and 
therefore overall less productive fisheries (Fromentin and Fonteneau 2001). 
Link between the adult biomass trajectories and the current 
exploitation status. 
Population and species trajectories depend not only on life histories and ecology, but also 
the level of exploitation. Here, we summarized the current exploitation status for the 21 
populations for which we were able to obtain estimates of the two biological reference 
points, B/BMSY and F/FMSY (Figure 2.4A). We define “overfished” to mean that the biomass 
of the population has been reduced to a level less than that which would provide the MSY 
(B<BMSY) and the term “overfishing” to mean that a population is being subject to a fishing 
effort greater than that required to produce the MSY (F>FMSY), a definition used by the 
majority of the tuna RFMOs (Aranda et al. 2010). First, there are a total of four 
overexploited temperate tuna populations, which are “overfished” and are experiencing 
“overfishing”: east and west Atlantic bluefin tunas, southern bluefin tuna and north Atlantic 
albacore tuna (Figure 2.4A). Second, there are 12 populations, mostly tropical tunas and 
Spanish mackerels, currently considered healthy (B>BMSY and F<FMSY). Finally, there are 
five populations of tunas and mackerels in an intermediate state that either have 
biomasses below healthy levels, or a fishing mortality exceeding healthy levels, but not 
both (B<BMSY or F>FMSY). Although the current exploitation status of tunas and their 
relatives can be easily categorized according to their biological reference points, it is 
important to highlight that the majority of tunas and their relatives, despite their assigned 
exploitation status, have been fished down to around MSY levels and are therefore fully 
exploited (Figure 2.4A and see SI.4.1). The extent of the declines in adult biomass is 
consistent with the current exploitation status of the populations; the populations having 
experienced the largest declines in biomass are either fully exploited or overexploited 
(Figure 2.S4, 2.S5 and see SI.4.2).   
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Figure 2.4 Current exploitation status and fishing mortality rate over time of 
tunas and their relatives.  
(A) Reference points for tunas and their relatives, current adult biomass relative to BMSY (x-axis) 
versus current exploitation rate relative to FMSY (y-axis). Codes follow Figure 2.1 and Table 2.S2. 
Colors represent the kernel density of the points. (B) Fishing mortality rate over time across tunas 
and their relatives. Faint grey lines and black dashed lines show the effect of excluding one 
population at a time and recalculating the overall fishing mortality. Dashed lines show the most 
influential populations. E., east; N.E., northeast; Pac., Pacific; S., south; W., west.  
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Discussion  
The global adult biomass of tunas and their relatives has been halved over the past half 
century, but not without yielding considerable catches, income and food for the benefit of 
humanity. However, these population declines cannot continue without compromising 
yields in the near future: the majority of populations are fully exploited which limits the 
further expansion of catches from these fisheries. Currently, fisheries catch around 10%-
15% of the tunas and their relatives each year globally (Figure 2.4B and see SI.3.5). The 
global demand for tunas and their relatives is still increasing (Allen 2010) as is the 
trajectory of fishing mortality (Figure 2.4B).  
The largest declines in adult biomass have occurred in two groups of species with distinct 
life histories, the largest and less productive temperate tunas and the smallest and more 
productive mackerel species. Mackerels would a priori be considered intrinsically resilient 
to overfishing due to their ‘fast’ life histories, being fast growing, early maturing and short-
lived and yet mackerels exhibit some of the steepest declines. However, it has been 
shown that within the last 50 years of industrial fisheries the collapse of small and fast 
growing pelagic species have been more frequent than in larger species (Pinsky et al. 
2011)i. As fisheries developed in the 1950s, fisheries have preferentially targeted large 
biomass, shallow water species, such as small pelagics (Sethi et al. 2010). This historical 
patterns of fisheries development combined with the increasing global market demand of 
small pelagic fish for food, fishing bait, fish meal and oil (Deutsch et al. 2007), have 
probably contributed to their massive declines. The role of life histories is more apparent 
in tunas. The less-productive temperate tuna species have been impacted the most by 
fishing, exhibiting steeper and larger declines than the more productive tropical tuna 
species, suggesting that low productivity and slower life histories might be an important 
factor, together with catchability, accessibility and market price and demand, in 
determining the species vulnerability to fishing (Collette et al. 2011).  
The reductions in adult biomass of tuna populations estimated in our global analysis 
differs from the more pessimistic interpretations of the global status of tuna fisheries 
described by Myers and Worm (2003). Although both studies are not strictly comparable, 
while Myers and Worm 2003 found a 90% decline on average in the catch per unit effort of 
large pelagic fish species, we found a 59.9% decline on average in adult biomass of tunas 
and their relatives. Notwithstanding, the gross differences both studies agree on the steep 
declines of three bluefin and one albacore populations which are clearly overfished with 
current biomasses below BMSY. Instead, our results present a wide range of trajectories 
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across tuna populations which are more consistent with Sibert et al. (2006) study which 
reports declines ranging from 11 to 88% from baseline adult biomass across the Pacific 
tuna populations. Moreover our findings are consistent with those of a recent evaluation of 
the global conservation status of scombrid species carried out by the International Union 
for Conservation of Nature (IUCN) which showed that 68% (35 of 61 species) of 
scombrids are not considered to be threatened with extinction, but a few (5 species) have 
declined sufficiently to trigger listing under the IUCN Red List Threatened categories, 
notably the southern and Atlantic bluefin tunas (Collette et al. 2011). We caution that our 
estimates of total and average declines in adult biomass are almost certainly an 
underestimate, because fishing began long before the start of many of the time series 
summarized here. Stock assessments often begin years after the start of a fishery and 
may even be triggered by declining catches, as for example in the case of the Atlantic 
bluefin tuna, which was essentially fished out in the southern Atlantic in the 1960s prior to 
formal assessment (Fromentin and Powers 2005). Finally, we also show that globally the 
majority of the tunas have been already fished down to near MSY-related levels (Figure 
2.S6). From a fisheries management perspective, MSY is usually obtained when the 
biomass of a population has been reduced by 60-70% (Hilborn 2010). Nonetheless, from 
a conservation perspective, the 52.2% global decline in total adult biomass and the 
average population declines of 59.9% across tunas and their relatives increases the 
probability of ecological and economic extinctions of target populations with considerable 
biodiversity consequences for bycatch species (Collette et al. 2011). In addition, the 
magnitude of these declines creates concerns about the potential unknown ecosystem 
effects of removing large amounts of biomass from the pelagic food webs (Polovina et al. 
2009).  
MSY is the explicit or de facto target yield level for most tuna RFMOs (Aranda et al. 2010). 
Given that 4 of the 26 populations are substantially below BMSY (Figure 2.4A) and the 
others are all at target levels larger than 0.9BMSY, most fisheries managers would consider 
these to be extremely well managed (with the exception of the three bluefin and one 
albacore populations). However, there is little room for complacency. We highlight three 
issues to be tackled with urgency to reduce the risk of tropical tunas and other scombrid 
populations deteriorating in the same way as the bluefin tunas and to minimize the 
considerable collateral damage and biodiversity consequences of these fisheries. First, 
tuna productivity is apparently declining - the current estimates of MSY for some tuna 
populations are lower than in the past, partly a result of the increased mortality of 
immature tunas in the last two decades from purse seine fisheries which consequently has 
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decreased the maximum potential yield of the fisheries (Allen 2010). Second, their high 
value and global demand, and the rising fishing capacity and mortality (Figure 2.4B), is 
exacerbating the pressure on populations that are already fully exploited or in some cases 
overexploited. Management of tuna populations under the single-species approach 
appears to be largely successful for the less valuable tropical species, but has not been 
effective for high-value bluefin tunas driven by the scale of international demand for and 
trade of high-valued tunas. In those cases, additional measures seem to be required. Here 
we have a case where trade is overwhelming the, normally effective, scale of fisheries 
management. Hence there appears to be a role for conservation tools such as CITES 
(Convention on International Trade in Endangered Species) to work alongside the existing 
management framework to ensure the recovery and future sustainable fishing of the most 
exploited populations. Third, exploitation of productive species, such as tunas, at MSY is 
driving steep population declines and elevating the risk of extinction of some unmanaged 
and less productive bycatch species. Tuna fisheries are directly responsible for 
endangering a wide range of oceanic pelagic sharks, billfishes, seabirds, and turtles 
(Dulvy et al. 2008, Wallace et al. 2010). 
Many of these issues could be alleviated if fisheries management organizations treated 
MSY as a upper limit rather than a target reference point in their management objectives, 
a longstanding recommendation of several international UN FAO agreements and 
guidelines over the last 15 years (Caddy and Mahon 1995). Most tuna RFMOs have 
vague management objectives and have not adopted or implemented specific targets and 
limits (Maunder and Harley 2006, Mooney-Seus and Rosenberg 2007). We recommend 
the development of well-defined management strategies involving harvest control rules 
and the associated decision rules that can keep the fishery within defined limits. These 
would potentially facilitate the creation of well-defined and specific targets and limits for 
each population (and therefore management objectives) improving the decision-making 
process and speeding the implementation of appropriate management measures (Kell et 
al. 2003, Maunder and Harley 2006, Mooney-Seus and Rosenberg 2007). The use of 
upper limits and lower targets would improve profitability and reduce the impacts on ocean 
biodiversity (Worm et al. 2009). 
The long term sustainability of tunas and their relatives can only come from stricter 
management measures to treat MSY-related levels as a limit rather than a target 
management objective, reduce the overall fishing capacity, rebuild overexploited 
populations, as well as further implementing regulations to minimize the collateral impacts 
of these fisheries on marine ecosystems. 
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Methodology 
Data 
We compiled age-structured stock assessments with more than 15 years of data for 26 
populations and 11 species of tunas and their relatives out of 51 species of scombrids 
(Table 2.S2 and see SI.2). We extracted the trajectories of the adult biomass, fishing 
mortality, and the standard biological reference points, B/BMSY and F/FMSY, if available from 
the assessments. We use the term population instead of stock.  
Statistical analysis 
We used two metrics to quantify fishing impacts on the population trajectories of adult 
biomass. First, we estimated the average annual rate of change across all the populations 
and its equivalent average percent decline over time globally, within oceans (Atlantic, 
Pacific and Indian), within the main taxonomic groups (tunas, mackerels and Spanish 
mackerels), within species and within groups with different life-history strategies. Second, 
we estimated the overall extent of decline in total adult biomass summed across all the 
populations over time within the same spatial and taxonomic levels. While the overall 
extent of decline is an indicator of ecosystem removals, it might be sensitive to the 
populations with the largest abundances, which we tested with a jackknife analysis. On 
the other hand, the estimated average annual rates of change and its equivalent average 
percent declines are not influenced by the few most abundant populations and can be 
used to address how well management is working.  
Fishing impacts were quantified from 1954 to 2006 to maximize the coverage of data 
(Figure 2.1B). The majority of the industrial tuna fisheries began in this period, typically in 
the 1950s and ‘60s. However it should be acknowledge that prior to the 1950s there were 
already fisheries targeting tuna species and their relatives, in some cases for centuries 
such as in the case of the Atlantic bluefin tuna in the Mediterranean or skipjack in the 
Pacific Islands (Majkowski, 2007) and therefore our analysis does not account for these 
earlier effects of exploitation. In our analyses, for those time series starting after 1954, we 
assumed that from 1954 to the first year with data there have been no major fisheries 
targeting the populations and therefore the adult biomass has not changed over time. We 
retrospectively extended the adult biomass time series to 1954 using the mean of the first 
three years of data and truncated time series that began prior to 1954. For those time 
series finishing prior to 2006, we also extended them forward to 2006 assuming that the 
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most recent estimate, an average of the last three years, is projected forward to the future. 
This imputation approach is conservative in the sense that it is more likely to 
underestimate the rate and extent of decline (SI.3.1). The maximum observed body sizes 
of the species were used as a proxy to group species into different life histories as it 
correlates with other life-history traits as well as intrinsic sensitivity to fishing (Jennings 
and Kaiser 1998, Jennings et al. 1998). Populations with a maximum body size (measured 
as fork length) larger than two meters were categorized as large, between one and two 
meters as medium and smaller than one meter as small (Table 2.S1).  
We used mixed-effect models to perform a meta-analysis of population trends in adult 
biomass to estimate annual rates of change within the several spatial and taxonomic 
levels and within populations with similar life histories. We also tested if the average 
annual rate of change in adult biomass across all the populations (global estimate) was 
accelerating or decelerating over time (See SI.3.2). Most of the time series of adult 
biomass showed nonlinearity and autocorrelation over time, therefore we converted the 
raw time series of adult biomass of each population to annual rates of change (ri), ri = 
ln(AB i+1/ABi), where ABi is the adult biomass in year i (Figure 2.S7). Such differencing or 
taking the ratios in log-space is a common method of removing temporal autocorrelation 
from a time-series (Shumway and Stoffer 2006b). The annual rates of change in adult 
biomass ri, was the dependent variable in the analyses of adult biomass trends. We used 
the following full mixed-effect model and several submodels of the full model, depending 
on the objective of the analysis to estimate the overall annual rates of change in adult 
biomass. 
Level-1: yij = β0 j +β1 jXij +εij  where 
€ 
ε ij ~ N(0,σε2I) 
Level-2:  
Level 1 is a linear regression model where the intercepts and the slopes are allowed to 
vary by group (here populations), where j indexes the populations modeled as random 
effects and i indexes the years. Level 2 describes the variability of the relationship 
between the dependent variable y (here the annual rates of change in adult biomass) and 
the covariate variable X (here years) among all the populations j. Level 2 has one 
categorical predictor variable W which can be any of the categorical variables grouping 
populations geographically or taxonomically (e.g. oceans, taxonomic groups, etc.). The β’s 
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and the γ’s are the fixed effects coefficients and the δ’s and ε’s are the random effects 
coefficients. We assume the random effects (δ’s) are normally distributed with the given 
variance covariance matrix and we assume that the residual errors (ε’s) follow a ε t  ~ N(0, 
σε2). In addition, we also estimated the average of the annual rates of change in adult 
biomass across all the years for each population (See SI.3.3). 
We used restricted maximum likelihood to fit all the mixed models using the lme function 
in the NLME package in R (Pinheiro and Bates 2000). We examined the residuals of all 
the models and corrected for temporal autocorrelation with AR1 and AR2 processes when 
necessary. In addition, we allowed each population to have a different variance. The 
Akaike Information Criteria was used to determine the autocorrelation process and the 
variance structure most suitable for the time series under investigation. We show the 
model validation plots of one analysis although all the analyses had similar validation plots 
(Figure 2.S8). The significance of the fixed terms of the models were assessed by 
computing the confidence intervals for each fixed effect and then considering them 
significant if the 95% confidence intervals did not include zero. 
In order to calculate the overall extent of decline in total adult biomass summed across all 
the populations over time within the several spatial and taxonomic levels, first, we 
summed the values of adult biomass across all the populations for year the 1954 and 
2006 using the mean of the first and last three years of data. Second, we estimated the 
total percent change in adult biomass between 1954 and 2006 globally across all the 
populations, within each ocean, within each taxonomic group, within species and within 
populations with similar life histories. In addition, we also estimated the extent of decline 
for each individual population (See SI.3.3). 
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Supplementary Information 
SI.1 Background on tunas and their relatives 
SI.1.1Taxonomy 
The Scombridae family comprises 51 epipelagic species, commonly known as tunas, 
bonitos, Spanish mackerels (also known as seerfishes) and mackerels, which are 
distributed throughout tropical and temperate oceans. The currently accepted 
classification of the family Scombridae is largely based on morphological studies, and is 
composed of two subfamilies, four tribes, fifteen genera and the fifty-one species (Table 
2.S1). All the species except one belong to the subfamily Scombrinae which is divided in 
four tribes Thunnini (tunas), Sardini (bonitos), Scomberomorini (Spanish mackerels) and 
Scombrini (mackerels) (Collette 1999). The butterfly kingfish (Gasterochisma melampus) 
comprises a monotypic subfamily Gasterochismatinae. 
SI.1.2 Fisheries 
Scombrid species have long been targeted by mainly artisanal fishing communities 
throughout the world and until the 1940s most of the fishing occurred in coastal areas. The 
main industrialized fisheries for scombrids started between the 1940s and 1960s, 
particularly targeting the tuna and mackerel species. These fisheries expanded rapidly, 
operating nowadays in most latitudes of all oceans. The annual catches of scombrids 
have grown continuously rising from 1.1 million tonnes in 1950 to 9.5 million tonnes in 
2008 (Figure 2.2A main text). The tunas (tribe Thunnini) includes the most economically 
important group of species known as the principal market tunas, which are albacore 
(Thunnus alalunga), bigeye tuna (T. obesus), Atlantic bluefin tuna (T. thynnus), Pacific 
bluefin tuna (T. orientalis), southern bluefin tuna (T. maccoyii), yellowfin tuna (T. 
albacares) and skipjack tuna (Katsuwonus pelamis). The principle market tunas are 
oceanic, highly migratory and are among the largest and fastest top predators of the high 
seas. They are the most economically important species due to their predominance in the 
global fish exports and their intensive international trade for canning and sashimi (Miyake 
et al. 2004). The catches of principal market tunas have increased continuously from less 
than 0.2 mt in the 1950s to over 4.2 mt in 2008 (Figure 2.2A main text). Skipjack and 
yellowfin tunas account for the greatest proportion of the principal market tuna world 
catches in terms of yield (3.5 mt in the year 2008) and most of these catches are directed 
to the canning industry (FAO 2009). Atlantic, Pacific and southern bluefin tunas contribute 
Impacts of fishing 
  
34 
little in terms of total catches in weight, but are very important in terms of their individual 
economic value. The principal fishing methods used by the industrial fleets, are purse 
seine, longline, bait boat (or pole and line) and trolling. Each gear is designed to target 
different species at different depths.  Purse seine and baitboat are used to catch fish close 
to the surface, for example skipjack or juveniles of yellowfin, albacore, and bluefin. The 
longline fisheries usually target the largest and oldest individuals found at greater depths, 
for example adult bigeye, yellowfin and bluefin tunas. In the recreational sector, the 
principal fishing methods used involved mostly surface trolling, and baitboat fishing, while 
the artisanal fisheries use a great variety of methods such us gillnets, beach seines, bait-
boat, handlines, harpoons and traps. In the tropical tuna fisheries, the catch by purse 
seiners using floating platforms to attract schools of tuna, called fish aggregating devices 
(FADs), has increased gradually since the 1990s resulting in an increased in the mortality 
of immature tunas globally. While purse seiners using FADs mainly target skipjack tuna, 
they do not discriminate among tropical tuna species, causing an increase in the mortality 
of immature yellowfin and bigeye tunas (Allen 2010). In the temperate tuna fisheries, the 
purse seiners have also been increasingly catching juveniles of Atlantic, Pacific and 
southern bluefin tunas to fulfill the demand of the tuna farming industry where tuna are 
fattened before being sold in the global markets (Fromentin and Powers 2005, Cyranoski 
2010, Mylonas et al. 2010). At present, there are more than 80 nations with tuna fisheries, 
and in the Indian and Pacific Ocean tuna fisheries are still growing in many coastal 
developing countries (ISSF 2010).  
Spanish mackerels, bonitos and mackerels which are species with low economic value 
relative to the principal market tuna species and are targeted largely by small scale 
industrial and artisanal fisheries throughout their ranges. The small tunny species (Tribe 
Thunnini other than the principal market tunas), Spanish mackerels (tribe 
Scomberomorini), mackerels (tribe Scombrini) and bonitos (tribe Sardini) are generally 
smaller coastal species associated with continental shelves. They are important forage 
fish that mediate the flow of energy from primary producers to top predators (Bakun 2006). 
The catches of scombrids other than the principal market tuna have also increased 
significantly since the early 1950s. In the year 2008 around 5.2 mt of mackerels, Spanish 
mackerels, bonitos and small tunas were caught worldwide (Figure 2.2A main text). The 
most important species of scombrids other than the principal market tunas in terms of 
weight: chub mackerel Scomber japonicus (~2 million tonnes), Atlantic mackerel Scomber 
scombrus (~ 600.000 tonnes), Spanish mackerels not specified (~500000 tonnes), Short 
mackerel Rastrelliger brachysoma (~310 000 tonnes), Indian mackerel not specified 
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(~300000 tonnes), kawakawa Euthynnus affinis (~280 000 tonnes), Indian mackerel 
Rastrelliger kanagurta (~280 000 tonnes), longtail tuna Thunnus tonggol (~277 000 
tonnes), frigate and bullet tunas Auxis thazard and A. rochei (~230 000 tonnes) and 
narrow-barred Spanish mackerel Scomberomorus commerson (~220 000 tonnes) (FAO 
2008). These catches are possibly under-reported in all the taxonomic groups (Watson 
and Pauly 2001), particularly even more for the small tunnies, bonitos and Spanish 
mackerels.  
SI.1.3 Fisheries management 
Several and diverse international and inter-governmental organizations have been created 
to manage scombrid species due to their highly migratory nature, their widespread 
oceanic and coastal distributions, as well as their economic importance for many 
countries. There are currently five Regional Fisheries Management Organizations 
(RFMOs) whose mandates include the management and conservation of tuna and tuna-
like species in their areas of jurisdiction. The term tuna and tuna-like species includes the 
tunas (tribe Thunnini which comprise the principal market tunas and the small tunny 
species), the bonitos (tribe Sardini), the Spanish mackerels (tribe Scomberomorini) and 
the billfishes which all belong to the suborder Scombroidei (Majkowski 2007). Therefore, 
all the species of the family Scombridae, except the mackerels (tribe Scombrini), are 
considered tuna and tuna-like species. The five RFMOs, also known as tuna 
commissions, are the International Commission for the Conservation of Atlantic Tunas 
(ICCAT), the Indian Ocean Tuna Commission (IOTC), the Inter-American Tropical Tuna 
Commission (IATTC), the Western and Central Pacific Fishery Commission (WCPFC) and 
the Commission for the Conservation of Southern Bluefin Tuna (CCSBT). The CCSBT is 
the only tuna RFMO that is in charge of only a single tuna species (the southern bluefin 
tuna). In addition, the International Scientific Committee (ISC) for Tuna and Tuna-like 
species in the North Pacific Ocean conducts fisheries research on tuna and tuna-like 
species in the North Pacific Ocean and cooperates with other tuna RMFOs in the region. 
Thus, the tuna commissions are not only mandated to manage and conserve the principal 
market tuna species but also smaller tunny species, bonitos and Spanish mackerels that 
are harvested within their jurisdiction. Commonly, the tuna commissions concentrate most 
of their effort, resources, and personnel into managing the principal market tuna species 
and billfishes giving less priority to the rest of species. Although the ICCAT and IOTC 
have working groups on the small tuna species, generally, the lack of fisheries data and 
insufficient biological knowledge paralyzes any attempt to carry out stock assessment 
evaluations (Majkowski 1998, 2007).  
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There are some exceptions in the usage of the term tuna and tuna-like species by the 
tuna RFMOs. The mandate of the WCPFC is the only commission that uses the term of 
Highly Migratory Fish instead of the term tuna and tuna-like species. The Highly Migratory 
Fish Stocks term refers to the species listed in Appendix I in the Article 64 of the UN 
Convention of the Law of the Sea (UNCLOS). This term includes some of the scombrid 
species (the principal market tunas, blackfin tuna, Thunnus atlanticus, bullet tuna, Auxis 
rochei, frigate tuna, Auxis thazard, little tunny, Euthynnus alletteratus, and kawakawa, 
Euthynnus affinis), billfishes, dolphinfishes, oceanic sharks and sauries. Although the 
WCPFC is mandated to manage and conserve all species of Highly Migratory Fish Stocks 
within the Convention Area, except sauries. Thus, the term Highly Migratory Fish Stocks 
does not include the bonitos, Spanish mackerels and some of the small tunnies (black 
skipjack, Euthynnus lineatus, longtail tuna, Thunnus tonggol, and slender tuna, 
Allothunnus fallai) that probably constitute Straddling Stocks under UNCLOS. Finally, all 
the tuna RFMOs recognize the obligation to manage and conserve the harvested species 
but also to conserve the associated and dependent species that are taken incidentally 
during the tuna fishing activities (Allen 2010). Small tunny species, Spanish mackerels 
and bonitos are commonly discarded by longliners and purse-seine tuna fisheries (Lawson 
1997).  Finally, we would like to point out that there are other intergovernmental fisheries 
organizations such as the Caribbean Regional Fisheries Mechanism which have defined 
strategic objectives and management plans and have recently started to evaluate the 
status of some coastal scombrid species in the Caribbean Sea. 
Mackerel species are not under the mandate of any of the tuna RMFOs. The fisheries of 
mackerels are more localized, often their distributions occur either in regions where the 
continental shelf extends beyond the Exclusive Economic Zone limit or in coastal regions 
where the productivity is very high (upwelling regions) which extends their distributions in 
to the high seas; therefore, the mackerels are considered Straddling Stocks (and not 
Highly Migratory Fish Stocks). Straddling Stocks under the Article 63 of UNCLOS, are “the 
same stock or stocks of associated species [which] occur both within the exclusive 
economic zone and in an area beyond and adjacent to the zone” (Majkowski 1998). 
Therefore, neighboring coastal states and fishing entities should coordinate the 
management and conservation of these populations and usually intergovernmental 
regional organizations are set up for this purpose.  Although, there are some 
intergovernmental regional organizations in charge of evaluating the stock status of 
mackerels, for example, International Council for the Exploration of the Sea (ICES) which 
provides scientific advice for the northeast Atlantic mackerel stock, most of the time the 
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mackerels species are evaluated separately by each individual countries (e. g. Japan & 
China). A combination of insufficient information with which to clearly delimit population 
distributions and the lack of institutional arrangements among neighboring countries to 
jointly manage resources leads individual states to carry out independent fisheries 
research for their fish populations in the best case scenarios.  
SI.2 Stock assessment data 
SI.2.1 Data sources and data selection 
We conducted a global literature search to locate the most important commercial fisheries 
for scombrid species, with the primary aim of identifying: 1) what populations could 
potentially be under scientific review or management plans, possibly supported with stock 
assessments, and 2) what institutions were in charge of their evaluation, management and 
conservation. Next, to compile the most updated stocks assessments and their respective 
reports, we contacted many institutions worldwide, from international, to inter-
governmental, as well as national fisheries institutions and individual scientist, which were 
in charge of the evaluations of any scombrid species. There are several stock assessment 
modeling approaches varying in complexity and data requirements, from simple surplus 
production models to sophisticated statistical catch-at-age models. Since we were 
interested in gathering population estimates of abundance at age, biomass at age and 
fishing mortality rates at age from the assessments, we limited our data collation to only 
those stock assessments that used age-structured models, either of the Virtual Population 
analysis family (e.g. Independent Catch Analysis, ICA, used for Northeast Atlantic 
mackerel) or Statistical Catch At Age family (e.g Multifan-CL applied to various tuna 
populations). The standard biological reference ratios, the current adult biomass relative to 
which would provide the Maximum Sustainable Yield (MSY) (B/BMSY) and current fishing 
mortality relative to the fishing mortality rate which maintains MSY (F/FMSY) were also 
extracted from the stock assessments, when available.  
The data collection yielded stock assessments varying in quality, methodology used, 
temporal coverage and data availability. We did not include in our analysis stock 
assessments that 1) were considered unreliable by the scientist undertaking them, 2) were 
outdated (prior to 2000), 3) were not carried out with age-structured stock assessment 
models, like biomass dynamic models, or 4) provided estimates of population biomass for 
a time period shorter than 15 years.  
Impacts of fishing 
  
38 
SI.2.2 Uncertainties and caveats of stock assessments 
Although data obtained from stock assessments are generally regarded as the preferred 
source of information with which to assess the effects of fishing on fish populations and 
ecosystems (Polacheck 2006, Worm et al. 2009, Hutchings et al. 2010, Branch et al. 
2011), there are many sources of uncertainty surrounding the stock assessment models 
which might create some unknown bias in the data outputs. The uncertainties surrounding 
stock assessments may arise by a combination of several factors such as the variety of 
data sources used, the numerous inputs needed, or the limited knowledge about the 
dynamics of the population, all of which are very complex to quantify. All this uncertainty is 
commonly characterized in observation errors and model errors, both leading to 
estimation errors in the results of the stock assessments(FAO 2001). Observation error 
may arise because of measurement errors (e.g. in the weight and length of the catches) or 
sampling errors (e.g. in the surveys). Model error may occur because of the lack in 
knowledge of the biology of fish or the inability of the models to model all the processes 
that affect the dynamics of a fish stock. Many of these uncertainties can be identified and 
quantified in the stock assessment evaluations using several types of models and their 
respective sensitivity analysis to test different hypothesis and model assumptions. 
Therefore, in any stock assessment evaluation it is very common to find the results of 
several models with their respective sensitivity analysis all of which attempts to 
characterize the status of a population and the uncertainty associated. During the data 
compilation of this study, when several stock assessment models and several variations of 
the models (sensitivity runs) were available for one population, we used the base-case 
model specified in the stock assessment report to extract the estimates of biomass and 
fishing mortality over time or as advised by the stock assessment scientist. In our analysis 
we did not take into account the uncertainties associated with the estimates of biomass, 
fishing mortality rates and biological reference points extracted from the stock 
assessments. We merely summarize the consensus choices of the stock assessment 
teams as to the best parameter settings. Nonetheless, we acknowledge that the 
uncertainties in model outputs may be creating some unknown biases in our results. We 
therefore highlight the importance of consulting the original assessments reports when 
seeking information on the uncertainties surrounding the status of the individual 
populations. 
We also attempted to compile the most recent available stock assessments for scombrid 
populations around the world. However, we are aware that some populations have been 
re-evaluated throughout the development of the present work. In the case of the biological 
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reference points, we extracted them from the most recent stock assessments up to 
February 2011 to present the most updated exploitation status of tunas and their relatives 
(Table 2.S2). We definitely encourage future studies to update this work every few years 
including the most updated information possible to reassess the global status of 
scombrids. Maybe the consortium of tuna RFMOs under the Kobe agreement could be 
responsible for continuously updating this type of analysis for the species under their 
mandate. 
SI.2.3 Description of stock assessment data and identification of data gaps 
After the data screening, we ended up with stock assessments for 26 populations (11 
species) of scombrids, comprised of: 17 principal market tunas (7 species), 5 mackerels (2 
species) and 4 Spanish mackerels (2 species) out of a total of 51 species of scombrids 
which we included in our analysis (Table 2.S2). By geographic regions, we were able to 
obtain information for 11 populations in the Altlantic Ocean, 12 populations in the Pacific 
Ocean, 2 populations in the Indian Ocean and 1population in the Southern Ocean (Figure 
2.1 main text). The small number of exploited species evaluated with age-structure stock 
assessments in the Indian Ocean stands out since 34 species of scombrids are found in 
the Indo-Pacific region and 23 of those are endemic to the region. Next, we summarize 
the data availability and accessibility by taxonomic group. 
Among the four major taxonomic groups of scombrids, the tunas (tribe Thunnini), 
particularly the principal market tunas, have been largely assessed and their status is 
generally known. There are 23 populations of principal market tunas (7 species) managed 
by the five tuna RFMOs. Seventeen of the 23 populations are currently evaluated with 
age-structure stock assessment models (Table 2.S2).  The rest of the populations are 
either 1) evaluated with surplus production models (Indian Ocean Albacore tuna and East 
and West Atlantic Skipjack tuna populations), 2) evaluated based on several indicators of 
stock status due to the difficulties of developing proper stock assessment models for these 
populations (Indian Ocean and East Pacific Skipjack tuna populations) or 3) have not 
been evaluated yet (Mediterranean albacore tuna populations, although its assessment is 
planned for the year 2011).  
We are not aware of any formal quantitative stock assessment evaluations using age-
structured models for any of the rest of the tuna species. In general terms, the status of 
the small tunny species is poorly known around the world. The fisheries targeting small 
tunny species usually involved mostly developing countries, which have limited resources 
for research, monitoring and management capacity (Majkowski 1998). Yet, we would like 
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to highlight recent efforts to evaluate the status of several coastal scombrids with simpler 
stock assessment models. First, the blackfin tuna stock distributed off the coast of Brazil 
has been recently evaluated (De Nóbrega et al. 2009). Second, the longtail tuna stock 
distributed off the northern coast of Australia has also been evaluated (Griffiths 2010). 
Third, the FAO has recently carried out two workshops to review fisheries data, update 
and carry our stock assessments for fish resources in the South and Southeast Asia 
region. During these workshops many coastal small tunny spcies (e.g. Auxis sp. and 
Euthynnnus sp.), tropical mackerels species (Rastrelliger sp.) and tropical Spanish 
mackerels (Scomberomorus sp.) were evaluated using several stock assessment 
methods specific for data-poor populations (FAO 2010a, 2010b). 
The mackerels (tribe Scombrini) include the temperate mackerels (Scomber sp.) that are 
usually evaluated with formal quantitative stock assessments and their status is generally 
known and the tropical mackerels (Rastrelliger sp.) that are either not evaluated or 
evaluated with simple stock assessments methods and therefore, their status is generally 
unknown or highly uncertain. The temperate mackerels species sustain one of the largest 
commercial fisheries worldwide, particularly the Chub mackerel which is among the ten 
most fished species in the world (FAO 2009). Consequently, some temperate mackerel 
populations have been relatively well monitored and evaluated by national and 
intergovernmental fisheries organizations. We were able to obtain reliable age-structure 
stock assessments for five mackerel populations (Table 2.S2). In addition to the 
mackerels populations included in our analysis, it is worth mentioning other temperate 
mackerels populations that are currently being managed with age-structured stock 
assessments, but for several reasons, we did not include them in our analysis. First, we 
did not include in the analysis two blue mackerels populations (Scomber australasicus) 
distributed along the coastal waters of Japan (Japanese blue mackerel and Tsushima 
Current blue mackerel) because the stock assessment evaluation covered less than 15 
years of data (Kawabata et al. 2009, Yukami et al. 2009). Second, we did not include the 
northwest Atlantic mackerel stock (Scomber scombrus) distributed along the east coast of 
the USA and Canada. In the recent past the USA and Canadian governments have 
evaluated this stock separately (NEFSC 2006, DFO 2008). However, the stock is currently 
being assessed as a larger geographic unit in a joint assessment between the USA and 
Canadian governments. The joint stock assessment report only became available after the 
paper was written (TRAC 2010). Finally, we are not aware of any formal quantitative stock 
assessment evaluations for any of the tropical mackerel species (Rastrelliger sp.) in the 
Indian Ocean. However, the data availability and the status of some mackerels fisheries 
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have been recently evaluated with simple stock assessment methods in several countries 
in the South East Asia region (FAO 2010a, 2010b). 
The Spanish mackerels (tribe Scomberomorini) has the largest number of species (18 
species) and with some notable exceptions, the status of the large majority of the species 
is very uncertain or little known. For our analysis, we were only able to collect reliable 
quantitative stock assessments for four Scomberomorus populations (2 species) that 
sustain important fisheries in the southeast coast of the United States (NMFS 2003, Ortiz 
2004). This is worrying given the importance of the Spanish mackerels fisheries 
worldwide, especially in the Indo-west Pacific region, where eleven of the eighteen 
species are found and sustain important fisheries throughout their distributions (Collette 
and Nauen 1983). Although we were not able to obtain reliable and complete formal 
quantitative stock assessment evaluation for four Scomberomorus populations, it is worth 
mentioning several cases where Spanish mackerel species have been evaluated in the 
past or are currently being evaluated at least in some regions throughout their 
distributions. First, the are several populations of the narrow-barred Spanish mackerel 
(Scomberomorus commerson) and spotted mackerel (Scomberomorus munroi), the most 
important commercial Spanish mackerels species in Australia, that are currently being 
assessed with age-structure stock assessment models (Welch et al. 2002, Mackie et al. 
2003, Begg et al. 2006, Buckworth et al. 2007). However these populations were not 
included in our analysis because they did not provide the type of data needed for our 
analysis or the time coverage of the assessment data was too short or not available to us. 
Second, there are several species of Spanish mackerels (Scomberomorus commerson, S. 
niphonius, S. brasiliensis) whose populations have been evaluated in the past with simple 
stock assessment methods, for example, in Thailand (Cheunpan 1988), South East Asia 
region (FAO 2010a, 2010b), India (Yohannan et al. 1992, Pillai et al. 1996), Oman 
(Siddeek and Al-Hosni 1998, Ben-Meriem et al. 2006), southern Arabian Gulf (Grandcourt 
et al. 2005), Djibouti(Bouhlel 1985), Japan (Nagai et al. 1996), Brazil(De Nóbrega 2002). 
However, we did not use these stock assessments evaluations either because 1) they 
were very outdated (prior to 2000), 2) the results were highly uncertain, 3) were not 
evaluated with age structure models or 4) they were inaccessible.  The development of 
age-based stock assessments models would particularly benefit and ease the 
management of Spanish mackerels since many of the species can reach relatively large 
sizes and are relatively long-lived compared with other scombrid species such as the 
tropical mackerels and the small tunny species.  
Impacts of fishing 
  
42 
Lastly, the status of the bonitos (tribe Sardini), composed of seven coastal species, is 
unknown throughout the world. We are not aware of any stock status evaluations of any 
type for any of the bonito species distributed around the world.  
Based on our global literature search and findings, we can conclude that accurate and 
reliable formal quantitative stock assessment evaluations and fisheries advice are 
unknown or highly uncertain for most of the scombrid species, with the notable exception 
of the principal market tunas and some temperate mackerel species. We are aware that 
the coverage of this study in terms of the number of commercially important populations 
identified and number of stock assessments obtained is not exhaustive. However, to our 
knowledge, we identified and compiled the majority of formal quantitative age-structured 
assessments expanding at least 15 years of data available worldwide for scombrid 
populations. Nevertheless, the compilation is evolving and new assessments will be 
incorporated into the data set for future analysis. We welcome institutions and individual 
scientist to contact us and share information about the status of scombrid species not 
covered by this study.  
SI.2.4 Major conclusions on stock assessment data compilation and 
recommendations 
We summarize the global status and biomass trajectories of 26 populations (11 species) 
of scombrids using population estimates from age-structured models prepared by stock 
assessment scientists. By limiting the data to age-structured models we could evaluate 
both the effects of fishing on the adult biomass of scombrid populations over time, but at 
the cost of being able to include only the most important commercial species of 
scombrids. Thus, some of the taxonomic groups, the Spanish mackerels and the bonitos 
and many regions are clearly underrepresented in the analysis. However, the 26 
populations of scombrids included in this analysis expanded the number and coverage of 
scombrids previous accounted in past studies (Sibert et al. 2006, Worm et al. 2009, 
Hutchings et al. 2010). 
The 26 populations of 11 species of scombrids evaluated with formal quantitative age 
structure stock assessments collated in this study seems small given the fact that 
scombrid species sustain some the largest fisheries in the world. All the species of 
scombrids, except slender tuna (Allothunnus fallai), plain bonito (Orcynopsis unicolor) and 
butterfly kingfish (Gasterochisma melampus), are targeted by industrial and/or small-scale 
fisheries throughout their ranges. The disparity between the existing number of 
populations being exploited and those that could be included in this analysis can be 
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attributed to two reasons. First, there are a large number of scombrid populations for 
which virtually no data are available and for which no scientific advice or analysis of their 
status is currently carried out. Second, some of these data are not openly available, and 
some of them are simply not open to scrutiny and analysis, in the case of both fisheries 
data and assessment results.  
It appears the current structure of tunas RFMOs might not be appropriate or lacking in 
capacity to provide quantitative scientific advice for many small tunas, bonitos and 
Spanish mackerels, and some of them might not even be under the remit of any 
international organization despite populations that usually stretch across national 
boundaries. The widespread perception that small tuna fisheries are irrelevant in terms of 
catches or revenues has been reversed in the Mediterranean and Black Seas (Di Natale 
et al. 2009) and is probably the case for many other regions of the world. Coastal 
scombrids, although low in economic value for the global markets, sustain and feed many 
of the coastal fishing economies in many developed and developing countries around the 
world. Therefore, a review of existing frameworks and their suitability for the needs of 
some species might be needed in order to identify gaps in the mandates of existing 
management bodies, identify opportunities for further collaboration across states and 
fisheries organizations, and promote international efforts to better quantify the status and 
outlook of more coastal scombrids other than the principal market tuna species. We 
highlight the present collaborations between ICCAT and the Caribbean Regional Fisheries 
Mechanism and ICCAT and the General Fisheries Commission for the Mediterranean to 
improve the knowledge on the sustainable exploitation of small scombrid fisheries. 
An issue of open access is also of relevance here. Stock assessments or catch statistics 
could not be obtained for some stock assessments for which they are known to exist. 
Contacts with the relevant scientific or management bodies proved unsuccessful. One of 
the major impediments for global analysis is that there are no global repositories of 
fisheries data under common formats and containing the multiple sources of information 
related to fishing (e.g. catch statistics, stock assessments inputs and outputs, economic 
data, etc…) as is the case for many biological and physical oceanographic datasets (e.g 
World Ocean Database). The creation of global fisheries repositories has been proposed 
many times (e.g. Hutchings and Baum 2005) with no immediate measurable results; 
however, there are some recent ongoing initiatives to compile all fish stock assessments 
globally (Worm et al. 2009, Hutchings et al. 2010). In addition, the five tuna RFMOs have 
also started a dialog to create common initiatives to organize and standardize several 
types of fisheries data from all the tuna commissions into common formats to facilitate the 
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accessibility of data to all the stakeholders and exchange of knowledge (Joint-Tuna-
RFMOs 2010). These types of initiatives and others should be pursued in the short term. 
Large global unbiased fisheries datasets would definitely benefit and motivate more 
analyses needed to evaluate the global status of marine fish resources and quantify 
impacts of fishing on marine species and ecosystems.  
SI.3 Statistical analysis 
SI.3.1 Data assumptions 
We quantified fishing impacts on adult biomass from 1954 to 2006 because the majority of 
the data available started after the 1950s and finished in 2006 (Figure 2.1B main text). Yet 
an approach was needed to estimate the adult biomass for those populations for which 
biomass started after 1954 and/or finished prior to the year 2006. For those time series 
starting after 1954 we extended the adult biomass backwards using the mean of the first 
three years of data. Thus, we assumed that from 1954 to the first year with data there 
have been no major fisheries targeting these populations and therefore the adult biomass 
has not changed over time. This is a conservative approach where we are likely 
underestimating some of the impacts of fishing because fishing began long before the 
start of many of the time series summarized here. The first year in a stock assessment 
does not usually correspond with the start of the fishery, thus stock assessments may 
often not capture well past declines. 
For those time series finishing prior to 2006, we extended them forward to 2006 using two 
different approaches. For most populations we only needed to extend them for a few 
years, the majority of the times one or two years. In the first approach, we used an 
average of the last three years to project the biomass forward up to 2006, therefore 
assuming no change in biomass. In the second approach, we used the model-estimated 
average annual rate of change of each individual population to project the adult biomass 
forward, therefore, assuming biomass of the last few years follows a trend based on past 
data. Both assumptions are plausible since recent fishing mortality for the majority of the 
populations has not been reduced over the past few years. In addition, by projecting 
forward using the average rate of change of each population we are also assuming that 
the statistical properties, such as the mean and variance of the rate of change, do not 
themselves change over time, which might not be the case in some of the time series. 
Therefore, this second approach might have created some bias in the estimated declines, 
although small, since we are projecting forward only for a few years into the future. This 
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assumption would not have been appropriate for medium and long-term projections, but 
seems reasonable enough in this case. We obtained very similar results using both 
approaches; therefore our results are robust to the choice of method.  
SI.3.2 Estimation of the average annual rate of change in adult biomass across all 
populations over time 
We tested if the average annual rate of change in adult biomass across all the populations 
(global estimate) was accelerating or decelerating over time using a submodel of the full 
mixed model (full model shown in the main text). The submodel consisted in keeping the 
covariate X (year) and eliminates the covariate W from the full mixed model. By keeping 
the covariate X (year) in the model we are interested in the overall global trend and we 
could test if the covariate year is significantly different from zero. A slope significantly 
different from zero indicates that the average annual rate of change in biomass has been 
changing over time, either accelerating and becoming more negative (negative rate) or 
accelerating and becoming more positive (positive trend) over time. Our data suggest that 
the global rate has been constant over time (γ10 =-0.00027, P =0.19), therefore, it has 
neither decreased nor increased across all the populations. At present, the majority of 
populations have been fished roughly around MSY levels (Figure 2.4A main text) and 
therefore the majority of the populations are currently fully exploited. We would expect in 
the near future to see a deceleration in the average annual rate of decline in order to fulfill 
with the international biodiversity commitments and fisheries targets of maintaining 
populations at MSY and when necessary to halt and reverse declines and recover 
populations to the level that would generate MSY. 
SI.3.3 Estimation of the average annual rate of change and extent of decline in 
adult biomass for each population 
We estimated the average of the annual rates of change in adult biomass across all the 
years for each population using a generalized least-squares model of the form Yi  = bo + 
ei. Yi , the dependent variable, are the annual (i) rates of change in adult biomass of each 
population, b0, the intercept, is interpreted as the average annual rate of change in adult 
biomass across all the years (Figure 2.S5A) and ei are the residual errors. For these 
analyses, we used the raw time series of adult biomass of each population and therefore 
the time series of each population differ in time coverage and time span (Figure 2.1B main 
text). We used maximum likelihood to fit all the generalized least-square models using the 
gls function in the NLME package in R (Pinheiro and Bates 2000). We examined the 
residuals of all the models and corrected for temporal autocorrelation with AR1 and AR2 
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processes when necessary. In addition, we also estimated the extent of decline for each 
individual population as follows: (1-exp(bo *n))*100 where bo is the model estimated 
average annual rate of change for each individual population and n is the length of the 
time series of each individual population (Figure 2.S5B).  
SI.3.4 Estimation of the average rate of change in adult biomass within species 
While we used mixed effects models to perform a meta-analysis of population trends in 
adult biomass to estimate annual rates of change globally, within oceans, within the main 
taxonomic groups and within distinct life history strategies, we did not use mixed effect 
models to estimate the average rates of change within species because the number of 
populations within each species was too low (a maximum of 4 populations per species). 
To estimate trends in the average annual rate of change of adult biomass from 1954 to 
2006 within species, first, we estimated the average of the annual rates of change in adult 
biomass from 1954 to 2006 for each population using a generalized least-squares model 
of the form Yi  = bo + ei.(see Section 3.2). Second, we combined the single population 
average annual rate of change estimated in the first step within each species using 
weights according to the inverse of the standard errors of the estimates (Figure 2.S2A). 
SI.3.5 Estimation of the average fishing mortality over time across all the 
populations 
In order to estimate what percentage of tunas and their relatives are caught each year by 
fisheries, we used the matrices of fishing mortality at age over time for each population 
from the stock assessments. For each population, we then calculated the weighted 
average fishing mortality across all ages, using the abundances by age. Then we 
estimated an average annual fishing mortality rate across all the populations (Foverall) by 
taking a weighted average of the average annual fishing mortality rates of each 
population, weighting them by the total number of individuals in each population. Finally, 
we used the estimated average annual fishing mortality rate across all the populations 
(Foverall) to calculate the annual percent removal of fish due to fishing using the Baranov 
catch equation, (F/(F+M))*(1-exp(-(F+M))), where F is the instantaneous fishing mortality 
rate and M is natural mortality rate (Figure 2.4B main text). We estimated that currently 
fisheries catch around 10%-15% of the tunas and their relatives each year globally (F2003-
2005 = 0.16 and using a natural mortality rate of 0 to 0.85, Figure 2.4B main text). The 
complete matrix of fishing mortality at age over time was only available for 21 of the 26 
populations under study. The matrix of fishing mortality at age over time was not available 
or harvest rates were provided instead, for the following populations: Pacific bluefin tuna, 
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Japanese chub mackerel, Tsushima current chub mackerel and Southern bluefin tuna. 
Therefore these populations were not included in the analysis.  
SI.4 Population trajectories in adult biomass and their current 
management status 
SI.4.1 Current management status of tunas and their relatives according to the 
reference points (B/BMSY and F/FMSY) 
The biological reference points, B/BMSY and F/FMSY, were available for twenty-one out of 
the twenty-six populations of tunas and their relatives (15 tuna populations, 4 Spanish 
mackerel populations and 2 mackerel populations) (Table 2.S2). For the remainder of the 
populations, these reference points were either not estimated as part of the assessment 
process (some mackerel populations) or were considered highly uncertain by the 
assessment scientists and were not included (Pacific bluefin tuna and North Pacific 
albacore tuna). We define “overfished” to mean that the biomass of the population has 
been reduced to a level less than that which would provide the MSY (B<BMSY) and the 
term “overfishing” to mean that a population is being subject to a fishing effort greater than 
that required to produce the MSY (F>FMSY), a definition used by the majority of the tuna 
RFMOs (Aranda et al. 2010). According to the biological reference points, the current 
status of the four Atlantic Spanish mackerels is healthy with adult biomasses above BMSY 
and current fishing mortalities below FMSY (Figure 2.4A and Table 2.S2). Among the 15 
tuna populations with biological reference points, eight populations are sustainably 
exploited with biomasses above BMSY and fishing mortality lower than FMSY. Only the west 
Pacific bigeye tuna is being subject to a fishing effort greater than that required to produce 
the MSY. Four tuna populations, all temperate tunas, are overexploited with current 
biomasses being below BMSY and experiencing excessive fishing mortalities (Fcurrent > 
FMSY). Finally, two tuna populations, the south Atlantic albacore tuna and Atlantic yellowfin 
tuna, are overfished with current biomasses below BMSY but are not experiencing 
overfishing (Fcurrent < FMSY). Therefore, three distinct exploitation categories are evident in 
the tuna populations (Figure 2.S6). On one extreme, the “Good” category comprises 
moderately exploited and successfully managed populations: west Pacific skipjack and 
south Pacific albacore. On the other extreme, the “Ugly” category comprises the 
populations that are overexploited and managed poorly: eastern and western Atlantic 
bluefins and Southern bluefin. Finally, in the “Fully-exploited” category separating these 
two extremes, the majority of the populations circle MSY. The reference points of two tuna 
populations, the Pacific Bluefin tuna and the north Pacific albacore tuna, were considered 
Impacts of fishing 
  
48 
highly uncertain by the assessment scientists and were not included. Finally, only two of 
the five mackerel populations had estimates of biological reference points. The northeast 
Atlantic mackerel is considered healthy with current biomass at BMSY and fishing mortality 
rates lower than FMSY (ICES 2009). The current biomass of the Chilean Chub mackerel is 
above BMSY and the current fishing mortalities are higher than FMSY (Canales 2006). The 
reference points BMSY and FMSY were not estimated as part of the stock assessment 
process for the Japanese chub mackerel and the northeast Pacific chub mackerel. 
However, since 2003 there are measures to reduce fishing mortality and recover the 
Japanese chub mackerel population to healthy levels (Ishida et al. 2009). For the 
northeast Pacific mackerel, the exploitation rate is currently low. This fishery collapsed in 
the 1960s and recovered afterwards. The current biomass still remains very low relative to 
its historical peaks due to a combination of historical fishing pressure and unfavorable 
oceanographic conditions (Crone et al. 2009).  
We would like to highlight the current exploitation status of tuna populations and their 
relatives can be easily categorized according to their standard biological reference points, 
although it is important to take into account two points. First, there is uncertainty 
associated to the estimated reference points. Second, the reference points for the majority 
of the majority of tunas and their relatives, despite their assigned exploitation status, are 
roughly at MSY. Most of the populations are considered fully exploited, thus the expansion 
of the catches in these fisheries is limited. 
SI.4.2 Link between population trajectories and their current management status 
There is a consistent link between the population trajectories in adult biomass and their 
current exploitation status (Figs. S4 and S5). First, there are a total of four overexploited 
populations, all temperate tunas, with current biomasses below target levels (B<BMSY) and 
experiencing excessive fishing mortalities (F>FMSY). These overexploited populations have 
exhibited the steepest rate of decline, -3.7%y-1 (CI: -5.2 to -2.1) and on average have 
declined by 85.7% from 1954 to 2006 (s S4A and S5C). These overexploited populations 
have also experienced a large extent of decline in total adult biomass, a 84.8% since1954 
(Figure 2.S5D). Second, there are 12 healthy populations, mostly tropical tunas and 
Spanish mackerels, which are healthy with biomass levels above target levels (B>BMSY) 
and fishing mortality rates not exceeding FMSY (F<FMSY). These healthy exploited 
populations have decreased at a rate of -1.1 % y-1 (CI: -2.1 to -0.1) and have declined on 
average by 43.9% since 1954 (Figure 2.S4C and S5C). The overall extent of decline in 
total adult biomass in these 12 healthy populations has been 42.8% since1954 (Figure 
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2.S5D). Finally, there are six populations of tunas and mackerels that either have 
biomasses below healthy levels, or fishing mortalities are exceeding healthy levels, but not 
both (B<BMSY or F>FMSY). These populations have decreased at a rate of -2.1% y-1 (CI: -
3.7 to -0.6) and experienced an average decline of 67.7% since 1954 (Figs. S4B and 
S5C). They have also experienced an extent of decline in total adult biomass of 58.7% 
since 1954, similar to that exhibited by the overexploited populations (Figure 2.S5D). 
We found the link between the trajectories of adult biomass and their current management 
status remains at the population levels (Figure 2.S5A-B). However, there are some 
discrepancies between the trajectories of the individual populations and their current 
management status; populations exhibiting the largest declines are not always considered 
currently as being unsustainably exploited and vice versa. First, two chub mackerels (the 
Chilean and the north east Pacific populations) have experienced the steepest and most 
variable declines, yet their exploitation statuses are not currently considered 
overexploited. In the case of the Chilean chub mackerel, the most recent current biomass 
(2006) was still considered within safe levels but close to unsuitable levels if the 
exploitation rates were not reversed (Canales 2006). For the northeast Pacific mackerel, 
the exploitation rate is currently low due to the collapse of the important commercial 
fishery it once supported. Although the stock collapsed in the mid- 1960s and recovered 
afterwards, the current biomass still remains very low relative to its historical peaks due to 
a combination of historical fishing pressure and unfavorable oceanographic conditions 
(Crone et al. 2009). Second, the south Pacific albacore is deemed healthy despite having 
experienced one of the largest declines. The large declines may be partly spurious due to 
a poorly fit stock assessment model resulting in overestimates of the adult biomass in the 
earlier periods (Hoyle et al. 2008). Last, the current management status for the eastern 
Atlantic bluefin tuna is overexploited, despite relatively small declines in adult biomass 
compared to the other overexploited populations. This may be due to a shifted baseline 
perspective as the population estimates start only in the 1970s. The eastern Bluefin tuna 
has a long history of exploitation and mismanagement accompanied with substantial 
quantities of illegal, unreported and unregulated fishing in the recent history which makes 
it difficult to estimate the historical population trajectory (ICCAT 2009, 2010). 
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Supplementary Figures 
 
Figure 2.S1 Trajectories of adult biomass (1000 tonnes) for 26 populations of 
tunas and their relatives (11 species).  
The values indicate initial and final adult biomass estimates. The horizontal grey lines delineate a 
biomass of zero. Abbreviations for population names: N., north, S., south, E., east, W., west, N.E., 
northeast; U.S., United States, G.O.M., Gulf of Mexico; T.C., Tsushima Current. Population 
trajectories are colored according to their exploitation status: Red - populations are overfished 
(B<BMSY) and experiencing overfishing (F>FMSY). Orange - populations are overfished or 
experiencing overfishing (B<BMSY or F>FMSY, not both) and Green - populations are not overfished 
(B>BMSY) and are not experiencing overfishing (F<FMSY). Population trajectories for which reference 
points were unavailable are colored in grey (See SI Section 4). Populations are plotted in 
descending rank order of abundance at former levels, with the least abundant at the bottom. 
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Figure 2.S2 Meta-analysis of fishing impacts on adult biomass globally, within 
major oceans, within the major taxonomic groups, ecological groups, 
species and life history strategies using maximum body size as a 
proxy.  
(A) Average annual rates of change in adult biomass (average % per year  ± 95% confidence 
intervals) from 1954 to 2006. (B) Overall extent of decline or recovery in total adult biomass from 
1954 to 2006. Number of populations within each category is shown between brackets. Albacore 
and bluefin tunas are considered temperate tunas and skipjack, yellowfin and bigeye tunas are 
considered tropical tunas. Species were grouped according to their maximum body size (Large 
>2m FL, Medium >1 and <2 m FL and Small <1m FL) which we used as a proxy to describe life-
history strategies. Maximum body size of species is in Table 2.S1. 
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Figure 2.S3 Box plots of the annual rates of change (ri) in adult biomass for the 26 
populations of tunas and their relatives. 
Mackerel populations exhibit greater inter-annual variability. Figure 2.S7 shows the time series of 
the annual rates of change (ri) for each population. Abbreviations for population names: E., east; 
GOM, Gulf of Mexico; N., north; N.E., northeast; S., south; T.C., Tsushima Current; U.S., United 
States; W., west.  
Chub mackerel, T. C. Pacific
Chub mackerel, N. E. Pacific
Chub mackerel, Japanese
Chub mackerel, Chilean
Atlantic mackerel, N. E.
Spanish mackerel, U.S. Atlantic
Spanish mackerel, GOM
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Skipjack tuna, W. Paific
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Bigeye tuna, W. Pacific
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Figure 2.S4 Relative adult biomass trajectories (thick solid line) of tunas and their 
relatives within each exploitation status category, standardized to 1 in 
1954. 
Faint and dashed lines show the effect of excluding one population at a time from the overall trend 
and recalculating the relative adult biomass. Dashed lines delineate the most influential 
populations. Trajectories are colored according to the exploitation status of populations: Red – 
overexploited - populations are overfished (B<BMSY) and experiencing overfishing (F>FMSY). Orange 
- populations are overfished or experiencing overfishing (B<BMSY or F>FMSY, not both) and Green – 
healthy - populations are not overfished (B>BMSY) and are not experiencing overfishing (F<FMSY). 
E., east; N.E., northeast; W., west.  
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Figure 2.S5 Population trajectories in adult biomass and link with their current 
exploitation status.  
(A) Average annual rate of change in adult biomass (mean ± 95% confidence intervals) for each 
population including the entire time span of the time series (see Figure 2.1B for time span). (B) 
Overall extent of decline or recovery in adult biomass for each population from the first to the last 
year of available data (see SI.3.3). (C) Average annual rate of change in adult biomass (mean ± 
95% confidence intervals) from 1954 to 2006 within each exploitation status category. (D) Overall 
extent of decline or recovery in total adult biomass from 1954 to 2006 within each exploitation 
status category. The vertical dashed line in panel B delineates an extent of decline of 85%. 
Population trajectories are colored according to their exploitation status: Red - populations are 
overfished (B<BMSY) and experiencing overfishing (F>FMSY). Orange - populations are overfished or 
experiencing overfishing (B<BMSY or F>FMSY, not both) and Green - populations are not overfished 
(B>BMSY) and are not experiencing overfishing (F<FMSY). Population trajectories for which reference 
points were unavailable are shown with white solid circles and lines (See SI Section 4). 
Abbreviations for population names: E., east; GOM, Gulf of Mexico; N., north; N.E., northeast; S., 
south; T.C., Tsushima Current; U.S., United States; W., west. 
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Figure 2.S6 Current adult biomass relative to BMSY (x-axis) versus current 
exploitation rate relative to FMSY (y-axis) reference points for tuna 
populations. 
Codes follow Figure 2.1 and Table 2.S2. Colors represent the density of the points (the probability 
of occurrence) as calculated with a kernel density function. The reference points of two tuna 
populations were not available; Pacific bluefin tuna and North Pacific albacore tuna (See SI Section 
4). E., east; Pac., Paci!c; S., south; W., west. 
 
Chapter 2 
 
61 
 
Impacts of fishing 
 
62 
 
Chapter 2 
 
63 
 
Figure 2.S7A Time series of adult biomass on the logarithmic scale (left y-axis, blue 
solid line) and time series of the annual rates of change (year-on-year 
rate of change) in adult biomass (right y-axis, green solid line) in 
scombrid populations. 
(A) Scombrid populations of temperate tunas. (B) Scombrid populations of tropical tunas. (C) 
Scombrid populations of mackerels and Spanish mackerels. We converted the time series of adult 
biomass of each population to annual rates of change (ri) as ri = ln(AB i+1/ABi), where ABi is adult 
biomass in year i, to allow for nonlinear trends and reduce autocorrelation. The annual rates of 
change in adult biomass ri, was the dependent variable in the analyses of biomass trends. The 
model-estimated average annual rate of change (brown solid line) and its confidence intervals 
(shaded brown polygon) are also shown. Abbreviations for population names: E., east; GOM, Gulf 
of Mexico; N., north; N.E., northeast; S., south; T.C., Tsushima Current; U.S., United States; W., 
west.  
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Figure 2.S8 Results and validation analysis from the meta-analysis of trends in 
adult biomass across tuna populations and their relatives (global 
estimate) using a mixed-effects model.  
(A) Solid and dashed black lines indicate the overall fixed-effect average annual rate of change and 
95% confidence intervals, respectively, in adult biomass across all 26 populations. Grey lines 
represent the time series of annual rates of change for the 26 populations. (B–E) Validation plots of 
the final model. Autocorrelation function with 95% confidence intervals (dashed blue horizontal 
lines). 
Chapter 2 
 
65 
Supplementary Tables 
Table 2.S1  List of scombrid species (Family Scombridae) with their maximum 
body sizes and geographic distributions. (*) Principal market tunas.  
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Table 2.S2  Populations of tunas and their relatives analyzed and sources of 
stock assessments and management reference points.  
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Chapter 3.  
 
The conservation and management of tunas and 
their relatives: setting life history research 
priorities 1 
Abstract  
Scombrid species (tunas, bonitos, Spanish mackerels and mackerels) support important 
fisheries in tropical, subtropical and temperate waters around the world, being one of the 
most economically- and socially-important marine species globally. Their sustainable 
exploitation, management and conservation depend on accurate life history information for 
the development of quantitative fisheries stock assessments, and in the fishery data-poor 
situations for the identification of vulnerable species. Here, we assemble life history traits 
(maximum size, growth, longevity, maturity, fecundity, spawning duration and spawning 
interval) for the 51 species of scombrids globally. We identify major biological gaps in 
knowledge and prioritize life history research needs in scombrids based on their biological 
gaps in knowledge, the importance of their fisheries and their current conservation status 
according to the International Union for Conservation of Nature Red List. We find that the 
growth and reproductive biology of tunas and mackerel species have been more 
extensively studied than for Spanish mackerels and bonitos, although there are notable 
exceptions in all groups. We also reveal that reproductive biology of species, particular 
fecundity, is the least studied biological aspect in scombrids. We identify two priority 
groups of species, including 32 species of scombrids, and several populations of principal 
market tunas, for which life history research should be prioritized following the species-
specific life history gaps identified in this study in the coming decades. By highlighting the 
important gaps in biological knowledge and providing a priority setting for life history 
research in scombrid species this study provides guidance for management and 
conservation and serves as a guide for biologists and resource managers interested in the 
biology, ecology, and management of scombrid species. 
                                                
1 A version of this chapter is published as, Juan-Jordá, M.J., Mosqueira, I., Freire, J. & Dulvy, N.K. (2013) The conservation and 
management of tunas and their relatives: setting life history research priorities. PLoS ONE (in press).  
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Introduction 
Life history information such as growth, age and maturity are fundamental determinants of 
the population dynamics of fishes and underpin the sustainable exploitation and 
management of species (Beverton and Holt 1959, King and McFarlane 2003, Winemiller 
2005). As a result, in the last fifty years there has been considerable effort devoted to the 
analysis of fish life histories. However, even in the era of powerful databases, e.g. 
FishBase, this information often remains scattered, incomplete and not readily accessible 
(Zeller 2005, Froese and Pauly 2012). Here, we compile life history studies for the 51 
species of the family Scombridae, commonly known as tunas, bonitos, Spanish mackerels 
and mackerels (Table 3.1 and Figure 3.1). We aim to promote the best use of the existing 
life history information, synthesize the current knowledge on life history traits across 
species and identify priority biological research needs in an effort to inform management 
and conservation of this important group of species in the coming decades.  
Scombrid species sustain some of the most important fisheries in the world. They support 
diverse commercial fisheries throughout their distributions, ranging from large-scale 
industrial to small-scale artisanal fisheries, and many species are caught in recreational 
fisheries worldwide (Table 3.S1). Annual catches of scombrids have risen continuously 
since the 1950s, reaching 9.6 million tonnes in 2010 (FAO 2010-2013). Together, all 
scombrid catches contribute up to 15% of the annual total marine fish catch and are worth 
in excess of US$ 5 billion each year (Majkowski 2007, FAO 2009). Scombrids are 
epipelagic predator and prey species and are widely distributed in coastal and oceanic 
waters throughout the tropical, subtropical and temperate waters of the world’s oceans. 
The majority of the species are found in marine open waters and some are associated 
with estuarine and riverine habitats and coral reefs (Collette and Nauen 1983). Among the 
fifteen species of tunas (Thunnini), seven species are known as the principal market tunas 
due to their economic importance in the global markets (see list of species in Table 3.1). 
The principal market tunas have widespread oceanic distributions, are highly-migratory, 
sustain highly-industrialized fisheries worldwide and are a highly-valued international trade 
commodity for canning and sashimi (Collette and Nauen 1983, Majkowski 2007, Collette 
et al. 2011). The rest of scombrid species, the small tunas, bonitos, Spanish mackerels, 
and mackerels have in general more coastal distributions and are associated with 
continental shelves or oceanic islands (Table 3.1). While the economic value of coastal 
scombrids is lower in the global markets, they can reach high values locally supporting a 
diversity of fisheries. These are largely small-scale artisanal fisheries but also   
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Figure 3.1 Phylogeny of the family Scombridae showing the four tribes of the 
subfamily Scombrinae (Collette et al. 2001).  
The subfamily Gasterochismatinae, which has only one species, butterfly kingfish Gasterochisma 
melampus, is not shown. 
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Table 3.1  List of scombrid species including their taxonomic classification, 
maximum body size (Lmax), climate, environment and geographic 
distributions. (*) Principal market tuna.  
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semi-industrial and industrial fisheries, in both developed and developing countries (Table 
3.S1). Hence, they are an important source of wealth and food security to local fishing 
communities (Collette and Nauen 1983, Gillett et al. 2001, Majkowski 2007, Di Natale et 
al. 2009). Given the global scale and magnitude of scombrid fisheries and their economic 
and social importance for many coastal countries, a global review of the life history studies 
of scombrids seems essential to evaluate the biological knowledge of this important group 
of species and set the research agenda for the coming decades.  
Two recent global evaluations have provided a global picture of the current exploitation 
and conservation status of scombrid species. One evaluation quantified global fishing 
impacts on fishery-assessed population of scombrids showing the adult biomass of 
scombrids (including 26 populations of 11 of the 51 species) have decreased on average 
by 60% over the past fifty years (Juan-Jordá et al. 2011). It also revealed that the fisheries 
for the majority of these scombrid populations are currently fully exploited worldwide, 
suggesting that the further expansion of sustainable catches from these fisheries in the 
short term are limited. By assembling all the available, long-term and reliable stock-
assessment fishery evaluations of scombrid populations globally, this study focused on 
the most economically-important principal market tunas and mackerels. However, it also 
exposed that the large majority of scombrid populations and species lack reliable and up-
to-date formal quantitative stock assessments of the long-term impacts of fishing on 
population biomasses. Consequently, the current exploitation status remains unknown or 
highly uncertain for the majority of scombrid species worldwide. The other global 
evaluation summarized the conservation status for scombrids species using the 
International Union for Conservation of Nature (IUCN) Red List criteria, hence, ranking 
species in terms of their relative risk of global extinction (Collette et al. 2011). Of the 51 
species of scombrids, 68% (35 of 51 spp.) were listed under the Least Concern IUCN Red 
List category, having a relatively low risk of global extinction. Sixteen percent (8 spp.) had 
declined sufficiently in biomass to trigger listing under the Threatened or Near Threatened 
categories having relatively higher risk of global extinction. Lastly, 16% (8 spp.) of 
scombrids were listed under the Data Deficient category, meaning these species have 
insufficient information to evaluate their global conservation status. These two global 
evaluations together revealed that the impacts of fishing and the exploitation status for the 
majority of scombrid populations and species remains unknown or is highly uncertain 
globally and highlighted which species are in need of further protection and management. 
Consequently, the global life history dataset assembled and synthesized in this study will 
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become particularly useful for those scombrid populations and species for which their 
exploitation and conservation status is unknown. In an era where stock assessments are 
expensive and data intensive and where it is unlikely that there will ever be sufficient 
information to develop long-term quantitative stock assessments for all exploited species, 
the knowledge of life history parameters can provide a starting framework in support of 
management (King and McFarlane 2003). 
In this study we first compile a data set of life history traits (maximum size, growth, 
longevity, maturity, spawning season and fecundity) for the 51 species of scombrids on a 
global scale. Second, we synthesize the life history information assembled and critically 
review it to identify gaps and priorities in biological knowledge across the species. Third, 
we recommend and prioritize life history research needs in scombrid species based on 
their biological gaps in knowledge, the importance of their fisheries and their current 
conservation status according to the IUCN Red List of Threatened Species. The present 
study does not represent a complete synthesis of all available life history information; 
rather we focus on reviewing the available growth and reproductive studies for the adult 
stages of the species, which are the essential information that generally feeds quantitative 
fisheries stocks assessment models and forms the basis of their management and 
conservation. 
Methods  
We assembled life-history data for the 51 species of scombrids on a global scale from a 
wide range of published literature including: scientific journals, reports and theses 
published in English, Spanish, French, Portuguese, Italian and any other language that 
provided an English summary. We reviewed and included in the data set only the original 
studies, excluding review articles. By reviewing only original information, we avoided 
propagating widely-used but poorly-supported or erroneous parameter estimates. From 
each life history study, we extracted the trait estimates reported for females, males, and 
both sexes combined along with the sample sizes and the method used to estimate each 
of the life history traits. We transformed standard lengths or total lengths into fork lengths 
using published length conversion equations. The data set includes studies up to 
November 2012. 
The data set includes 684 studies (Appendix C) from which we extracted the following life 
history information: (1) Maximum length (Lmax, cm) of the fish observed from each life 
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history study; (2) Growth information derived from the von Bertalanffy growth function, 
Lt=L∞ (1-e-k(t-to)), where Lt is the length at age t in years, L∞ is asymptotic length in cm - the 
mean size the individuals in the population would reach if they were to grow indefinitely; 
growth coefficient k (year-1 ) expresses the rate at which the asymptotic length is 
approached and to is defined as the hypothetical age in years that fish would have at zero 
length; (3) Longevity or maximum observed age (Tmax, years) extracted from growth and 
aging studies; (4) Length and age maturity estimates where we distinguished between 
length and age at first maturity (Lm, cm; Tm, years; which is the length and age at maturity 
first reached by an individual in a sample) and length and age at 50% maturity (Lm50, cm; 
Tm50, years; which is the maturity at which 50% of the individuals are matured in the 
sample); (5) Duration of the spawning season (Spwseason, months); and (6) Fecundity 
metrics including estimates of batch fecundities (absolute average batch fecundities 
Faverage as the average number of oocytes across all sampled females, and relative batch 
fecundities, Frel, as the average number of oocytes per gram across all sampled females) 
and spawning intervals (Spwint, the average number of days between spawning). We 
further discuss later how we filtered fecundity studies based on the accuracy of various 
methodologies to estimate fecundity.  
We used standard plots for basic descriptive statistics to synthesize the life history 
information assembled and critically review it to identify gaps and priorities in biological 
knowledge for each scombrid species. In the analysis, we preferentially used the female 
estimates whenever the traits were reported separately for sexes in the studies. 
Additionally, we reviewed the life history information for the seven species of principal 
market tunas at the population level (see list of species in Table 3.1). The principal market 
tunas are oceanic species with worldwide distributions, and some species are composed 
of various populations, with one or two populations in each ocean. Due to their 
widespread distributions and economic importance, the principal market tunas are 
managed as 23 independent management units or tuna stocks, here referred as 
populations, by five Regional Fisheries Management Organizations. Therefore, we also 
reviewed the life history information and identified gaps and priorities for the 23 
populations in the seven species of principal market tunas, a distinction we deem relevant 
given the scale of their management. All data management, manipulation and plots were 
done using the R statistical software, v.2.14.2 (R Development Core Team 2012) and the 
packages ggplot2 (Wickham 2009) and VennDiagram (Chen and Boutros 2011). The life 
history data set is available upon request from the corresponding author. 
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Results and Discussion 
Below we first synthesize and critically review the biological knowledge on growth and 
reproductive traits for the 51 species of scombrids. Then, we identify and propose priority 
life history research for scombrid species based on their biological gaps in knowledge, the 
importance of their fisheries throughout their distributions and their current conservation 
status according to the IUCN Red List of Threatened Species 
Biology of scombrids: Current knowledge, data gaps and data 
concerns 
Growth and longevity 
Growth and age are the most important life history attributes in fish stock assessments, as 
they are influential in the evaluation of population productivity and have large impacts on 
the evaluation of population status (Restrepo et al. 2011). The importance of growth and 
age studies is reflected in the life history research conducted to date in scombrid species. 
There are a total of 547 von Bertalanffy growth curves in the data set and growth has 
been studied in 41 of 51 species of scombrids and in all 23 populations of principal market 
tunas (Figure 3.2 and 3.3). We find scombrid species have evolved different strategies for 
growth, attaining different asymptotic sizes (L∞) in their lifetimes and managing to reach 
those asymptotic sizes at different rates (k) (Figure 3.4). Thus, the L∞ and k coefficients 
vary greatly between scombrid species ranging from 24.4 cm and 2.3 y-1, respectively, in 
the short mackerel (Rastrelliger brachysoma) to 309.7 cm and 0.12 y-1, respectively, in the 
Atlantic bluefin tuna (Thunnus thynnus). While, the von Bertalanffy growth parameters, L∞ 
and k, are fundamental to describe the growth trajectories of individual species, it is not 
straight-forward to use L∞, which represents size, and k, which has time dimensions (y-1), 
by themselves to compare multiple growth curves and growth rates across multiple 
species (Pauly 1979). Instead, a metric linking change in size or weight of a species with 
time is needed to describe growth patterns across multiple species (Pauly 2010). 
Therefore, we used two complementary approaches to describe the growth patterns in 
scombrid species. First, we used the von Bertalanffy k parameter, which conveys how fast 
a species reaches its maximum body size to differentiate between “fast growing” and 
“slow-growing” species given a maximum body size. Second, we used the growth 
performance index, initially developed by Pauly 1979, and defined as Ø’=log10k+2log10L∞, 
which is a metric with dimensions of size and time, to differentiate between species that 
have “high growth performances” from species having “low growth performances” 
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regardless of their maximum body size (Munro and Pauly 1983). A species with a high 
index of growth performance would rapidly reach a large maximum body size in a short 
time span and therefore would have both relatively high k and L∞ values compared to 
species with low growth performances. However, because the growth performance index 
is the product of combining information from two parameters, L∞ and k, a high index of 
growth performance could also be the result of having only a high L∞, thus, it does not 
necessarily imply fast growth rates (a high k) to reach L∞. Yet, the species with the highest 
growth performances will have both relatively high L∞ and k. In addition, we also used the 
auximetric plot, which is a double logarithmic plot of the parameters k and L∞ (Pauly 1979, 
Pauly 1991) to portray and visualize what are “fast vs slow growing” species given a 
maximum body size and species with “high vs low growth performances” (Figure 3.5A). By 
plotting k vs L∞, which are inversely related, in the auximetric plot, the growth space 
utilized by fishes can be represented (Pauly 1979, 2010). Different population of a same 
species will tend to form a cluster of points, describing the “growth space” of the species, 
and the cluster of points will grow in size as higher taxonomic levels (e.g. genera and 
families) are represented in the auximetric plot. 
Scombrids are among the fastest growing species of all fishes. All scombrid species have 
relatively high k values (a mean k of 0.48 y-1) given their maximum size when compared to 
the rest of fish species, exhibiting rapid growth toward their maximum body size (Figure 
3.5A). Among all scombrid species, the fastest growing species (k values > 0.7 y-1) given 
their maximum body size are the three tropical Indian mackerels, Indian mackerel 
(Rastrelliger brachysoma), Island mackerel (R. faughni) and short mackerel (R. 
kanagurta), the Indo-Pacific king mackerel (Scomberomorus guttatus) and frigate tuna 
(Auxis thazard) (Figure 3.4). Moreover, the three bluefin tuna species (Thunnus thynnus, 
T orientalis, and T. maccoyii) and two Spanish mackerels (Monterey Spanish mackerel 
Scomberomorus concolor and Serra Spanish mackerel S. brasiliensis) are the slowest 
growing species (k <0.2 y-1) among scombrids. We also found that the growth 
performance index Ø’ in scombrids is among the highest in fish species, indicating not 
only that scombrids have relatively high k values given their maximum body size, but they 
also have both relatively high k and L∞ values, being able to grow very fast to large body 
sizes compared to the rest of fish species (Figure 3.5). Note how the growth space of 
scombrids species is located towards the top right quarter of the auximetric plot, although 
there are some exceptions (Figure 3.5A). Four tuna species, yellowfin, Atlantic bluefin, 
Pacific bluefin and bigeye tuna (Thunnus albacares, T. thynnus, T. orientalis and T. 
obesus, respectively) have the largest growth performances indices (Ø’> 4) among  
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Figure 3.2 Life history information in scombrid species.  
Information includes life history estimates of Von Bertalanfy growth parameters, longevity, length 
and age at 50% maturity, duration of spawning season, average batch fecundity, relative batch 
fecundity and spawning interval. (A) Number of life history trait estimates in the dataset for all the 
species combined. (B) Number of scombrid species with at least one life history trait estimate 
(grey). There are 51 species in the family Scombridae.  
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Figure 3.3 Synthesis of life history information in scombrid species.  
(A) Number of estimates for each life history trait within the main four taxonomic groups of 
scombrids (tunas, bonitos, Spanish mackerels and mackerels). Within each taxonomic group, the 
species are plotted in ascending rank order of body size, with the smallest species at the bottom 
(See Table 3.1 for maximum body size). The Butterfly kingfish (Gasterochisma melampus), the only 
species in the subfamily Gasterochismatinae, is not included. The only life history trait recorded for 
this species is maximum length, being 195 cm (Kohno 1994). (B) Number of estimates for each life 
history trait for the 23 populations of seven principal market tunas. The area of the grey circle is 
proportional to the number of estimates available for each trait.  
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Figure 3.4 Von Bertlanffy growth parameters – K (y-1) and asymptotic length L∞ 
(cm), and longevity estimates in scombrid species.  
Within each taxonomic group, the species are plotted in ascending rank order of body size, with the 
smallest species at the bottom (See Table 3.1 for maximum body size).  
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Figure 3.5 Growth performances in scombrid species including all fishes in 
FishBase, illustrating the high growth performances of scombrids.  
(A) Auximetric plot comparing the growth performance of scombrid species (black circles) with that 
of fishes in general (grey circles). Fish data extracted from FishBase as August 2012. The growth 
space for the main four taxonomic groups of scombrids, tunas, bonitos, Spanish mackerels and 
mackerels, are also illustrated (colored ellipse curves). (B) The growth performance index Ø’ 
(defined as Ø’=log10k+2log10L∞) of scombrid fishes compared with the average growth 
performances in fishes in FishBase (average growth performance is 2.7 ± 0.3, grey band area).  
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scombrids, followed by dogtooth tuna (Gymnosarda unicolor), wahoo (Acanthocybium 
solandri) and the narrow-barred Spanish mackerel (Scomberomorus commerson) (Figure 
3.5B). On the other hand, the four temperate mackerel species, Chub mackerel (Scomber 
japonicus), Atlantic mackerel (S. scombrus), Atlantic chub mackerel (S. colias) and blue 
mackerel (S. australasicus) have the lowest growth performances among scombrid 
species (Ø’< 2.7). Scombrids are among the fastest growing species of all fishes. All 
scombrid species have relatively high k values (a mean k of 0.48 y-1) given their maximum 
size when compared to the rest of fish species, exhibiting rapid growth toward their 
maximum body size (Figure 3.5A). Among all scombrid species, the fastest growing 
species (k values > 0.7 y-1) given their maximum body size are the three tropical Indian 
mackerels, Indian mackerel (Rastrelliger brachysoma), Island mackerel (R. faughni) and 
short mackerel (R. kanagurta), the Indo-Pacific king mackerel (Scomberomorus guttatus) 
and frigate tuna (Auxis thazard) (Figure 3.4). Moreover, the three bluefin tuna species 
(Thunnus thynnus, T orientalis, and T. maccoyii) and two Spanish mackerels (Monterey 
Spanish mackerel Scomberomorus concolor and Serra Spanish mackerel S. brasiliensis) 
are the slowest growing species (k <0.2 y-1) among scombrids. We also found that the 
growth performance index Ø’ in scombrids is among the highest in fish species, indicating 
not only that scombrids have relatively high k values given their maximum body size, but 
they also have both relatively high k and L∞ values, being able to grow very fast to large 
body sizes compared to the rest of fish species (Figure 3.5). Note how the growth space 
of scombrids species is located towards the top right quarter of the auximetric plot, 
although there are some exceptions (Figure 3.5A). Four tuna species, yellowfin, Atlantic 
bluefin, Pacific bluefin and bigeye tuna (Thunnus albacares, T. thynnus, T. orientalis and 
T. obesus, respectively) have the largest growth performances indices (Ø’> 4) among 
scombrids, followed by dogtooth tuna (Gymnosarda unicolor), wahoo (Acanthocybium 
solandri) and the narrow-barred Spanish mackerel (Scomberomorus commerson) (Figure 
3.5B). On the other hand, the four temperate mackerel species, Chub mackerel (Scomber 
japonicus), Atlantic mackerel (S. scombrus), Atlantic chub mackerel (S. colias) and blue 
mackerel (S. australasicus) have the lowest growth performances among scombrid 
species (Ø’< 2.7). Yet, scombrid species have among the highest growth performances of 
all fishes with an average Ø’ values of 3.4, while the average Ø’ for the rest of marine 
fishes is 2.7 (Figure 3.5B). What explains the high growth rates and high performances of 
scombrid species? Pauly’s theory of growth in fishes states that the oxygen supply, and 
therefore the gill surface area, is the limiting factor of growth in fishes (Pauly 1979, 1981, 
2010). The gill structure of scombrids is among the most advanced in fishes. All scombrid 
species have disproportionally large gill surface areas relative to their body weights, and 
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tuna species have the largest gill surface areas among all scombrids, permitting high rates 
of the oxygen acquisition to maintain those high rates of growth (Wegner et al. 2010). 
Pauly’s work on growth in fishes starting in the 1980s already noticed that tuna species 
had relatively high growth rates and large gill sizes compared with the rest of teleost 
fishes, directing him to investigate the positive relationship between that gill surface area 
of fishes, hence supply of oxygen, and their maximum growth rates (Pauly 1979, 1981).  
Longevity is a difficult parameter to estimate in fishes, as it depends on the accuracy of 
the growth methods and age-validation techniques and is an important parameter to 
consider when managing exploited populations (Campana 2001, Cailliet and Andrews 
2008). Longevity estimates were available for 41 of the 51 species of scombrids and in all 
23 populations of principal market tunas (Figure 3.2 and 3.3). We find that the average 
longevity across all scombrid species is 12.2 years, making scombrids medium-lived 
species when compared to the rest of fishes, according to the life history productivity 
classification of the American Fisheries Society(Musick 1999). However, longevity 
estimates vary greatly across scombrid species (Figure 3.4). On one extreme, the 
shortest-lived tropical mackerels (short mackerel Rastrelliger brachysoma and Indian 
mackerel R. kanagurta) have longevities of 1 and 4 years, respectively. On the other 
extreme, the southern bluefin tuna (Thunnus maccoyii) with a maximum estimated 
longevity of 41 years, Atlantic bluefin tuna (T. thynnus) (35 years) and narrow-barred 
Spanish mackerel (Scomberomorus commerson) (31 years) are the longest-lived species 
of scombrids.  
Growth and longevity have not been studied in nine scombrid species. In addition, we find 
that the estimates of the von Bertalanffy growth parameters, L∞ and k, the growth 
performance index Ø’, and longevity vary substantially within some scombrid species 
(Figure 3.4 and 3.5). This variation can be attributed mainly to two factors: (1) the life 
histories of species may vary with average temperature and seasonality at different 
latitudes within their distributions (Jennings and Beverton 1991), and (2) the accuracy of 
the aging and growth approaches used, and the power of the validation methods 
employed, if any (Campana 2001). The von Bertalanffy growth curves of scombrids were 
estimated using a variety of aging methods including direct methods such as calcified 
structures (vertebrae, spines, scales and otoliths) and indirect methods such as modal 
analysis of length frequencies and tagging studies, or by various combinations of several 
of these methods (Figure 3.S1). While it is not the objective of this study to quantify how 
much variation in growth might be due to environmentally driven intraspecific variability 
within species and how much by differences in aging techniques, we compared estimates 
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of k, the growth performance index Ø’ and longevity between several aging techniques, 
and observed that some of the differences can be attributed to the ageing approaches 
employed (Figure 3.S2). This analysis should ideally be carried out at species level, to 
better determine the effect of different aging techniques on growth estimates and to 
identify what methods are more consistent leading to more accurate age and growth 
estimates for each species. Moreover, while we cannot disentangle easily the effect of 
aging techniques on growth and age estimations, we can easily use the growth 
performance index Ø’ to identify potential inaccurate growth curves for each individual 
species. Given that the Ø’ values for a given species or taxonomically related group of 
species should be normally distributed around the mean Ø’ of the taxonomic unit, values 
further away from the mean of the distribution must be interpreted with increasing caution 
(Munro and Pauly 1983). Therefore, we consider the scombrid growth curves depicted as 
outliers in the boxplots in figure 3.5B potentially unreliable and we advise caution in their 
use.  
Reproductive biology  
Information on the full reproductive biology of a species, including length and age at 
maturity, spawning season and fecundity-length schedules are also essential to fish 
management in order to calculate the reproductive potential of species and to conduct 
proper stock assessments (Schaefer 2001). We first provide an overview of the maturity 
studies in scombrids followed by an overview of the fecundity studies. Length at maturity 
estimates, calculated as the length at which 50% of the sampled individuals have 
matured, were available for 38 of the 51 species and 16 of the 23 principal market tuna 
populations (Figure 3.2 and 3.3). While at first we observe that small scombrid species 
tend to mature at smaller sizes than larger body scombrids, we also find that scombrids 
reach maturity at similar proportional sizes, at around half of their maximum length, 
typically at 44.7% of the maximum length (Figure 3.6). Multiple studies have documented 
the relative constancy of the ratio Lm50/Lmax within most families of fish and other 
taxonomic groups (Beverton and Holt 1959, Beverton 1963). Yet, it has also been 
documented that smaller species tend to reach maturity at larger sizes relative to their 
maximum body sizes while larger species tend to mature at relatively smaller sizes. This 
pattern can also be discerned in Figure 3.6 where, for example, the smallest scombrid for 
which maturity information exists, the short mackerel (Rastrelliger brachysoma), matures 
at 16.7 cm (at 50% of its maximum body size) and the largest scombrid, the Atlantic 
bluefin tuna (Thunnus thynnus), matures at 155.2 cm (at 36 % of its maximum body size, 
combining information for both eastern and western population). Moreover, we find that 
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estimations of age at first maturity are scarcer in scombrid species (Figure 3.2 and 3.3). 
Reproductive studies only estimated age at 50% maturity or reported age at 50% maturity 
by converting length at maturity to age using a Von Bertalanffy growth equation for 25 
species of scombrids (Figure 3.7). With the limited information available, we find that 
scombrids appear to mature early in life compared to their maximum life span, at around 
one quarter of the way through their lifespan (at 25.4 % of the maximum age across all the 
species) (Figure 3.7). Extreme values in the distribution are provided by Australian spotted 
mackerel (Scomberomorus munroi), which matures at 0.3 years (at 5% of the maximum 
age), while southern bluefin tuna (Thunnus maccoyii) reaches maturity at 11 years old (at 
27% of the maximum age). 
Understanding the fecundity in scombrid fishes is challenging because they are batch 
spawners, spawning multiple times during the spawning season and have what is called 
indeterminate fecundity. Indeterminate fecundity refers to species whose annual potential 
fecundity is not fixed before the spawning season, since unyolked oocytes continue to be 
produced, matured and spawned during the spawning season, while determinate 
fecundity refers to species for which annual potential fecundity is fixed before the 
spawning season (Murua and Saborido-Rey 2003). In order to estimate the potential 
annual fecundities of scombrids, three measurements are required, batch fecundity 
(number of eggs released per spawning), spawning frequency, and the duration of the 
spawning season (Hunter et al. 1985, Schaefer 2001, Murua and Saborido-Rey 2003). In 
addition, the ovaries of all scombrid species are considered asynchronous, meaning that 
oocytes of all stages of development are present in the ovary simultaneously without a 
distinctive oocyte size class (Schaefer 2001, Murua and Saborido-Rey 2003). This is 
characteristic of species with protracted spawning season, where oocyte development 
depends on the food available in the environment (Murua and Saborido-Rey 2003). 
Therefore, histological analysis of ovarian tissue is needed to accurately measure batch 
fecundity in scombrids since there is a critical moment along all the stages of oocyte 
maturation when batch fecundity can be estimated (Schaefer 2001). At the final stages of 
oocyte maturation, beginning with migratory-nucleus phase and followed by hydration, 
which results in a clear hiatus or size break along the distribution of ooyctes, batch 
fecundity can be derived by counting the number of hydrated oocytes in ovaries. While a 
more detailed description on the methods to derive accurate batch fecundities in scombrid 
species can be found in Schaefer et al. (2001) and Murua and Saborido-Rey (2003), what 
we need to know here is that only ripe, pre-spawning females, with hydrated oocytes in   
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Figure 3.6 Length at 50% maturity estimates and the ratio length at 50% 
maturity/maximum body size for scombrid species.  
Within each taxonomic group, the species are plotted in ascending rank order of body size, with the 
smallest species at the bottom (See Table 3.1 for maximum body size). 
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Figure 3.7 Age at 50% maturity estimates and the ratio age at 50% 
maturity/maximum body size for scombrid species.  
Within each taxonomic group, the species are plotted in ascending rank order of body size, with the 
smallest species at the bottom (See Table 3.1 for maximum body size). 
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their ovaries can be used to estimate batch fecundity accurately by means of histological 
analysis.  
After reviewing 134 studies of fecundity in scombrid species we could only identify 33 
studies using accurate methodologies that clearly stated that the species studied was a 
batch spawner, had indeterminate fecundity, reported asynchronous development of 
oocytes in the ovaries, used histological analysis, and estimated batch fecundity based on 
the count of the number of migratory-nucleus or hydrated oocytes in the ovary (Schaefer 
2001). Unfortunately most of the fecundity studies of scombrid species conducted in the 
last 50 years used inaccurate methodologies, for example, by wrongly assuming 
determinate fecundity or overestimating fecundity by counting oocytes before reaching the 
hydration stage. This concern was already raised by Schaefer et al 2001, which reviewed 
the reproductive biology studies of tunas, but those concerns can be further extended to 
all scombrid species. Furthermore, we had to exclude from our analysis the majority of 
fecundity studies for Atlantic mackerel (Scomber scombrus) for which total annual 
fecundity, instead of batch fecundity, is routinely estimated, given that this species is 
managed in the Northeast Atlantic Ocean under the assumption of a determinate fecundity 
pattern. The accuracy of this assumption is, however, being revised (ICES 2011, 2012). 
Absolute average batch fecundities, relative batch fecundities and spawning frequencies 
were available for 17, 15 and 13 species of scombrids, respectively (Figure 3.2 and 3.3). 
Estimates of average absolute batch fecundities vary greatly across scombrid species, 
ranging from 69,000 oocytes in blue mackerel (Scomber australasicus) to 16 million eggs 
in Pacific bluefin tuna (Thunnus orientalis), which is mainly driven by the different body 
sizes of the species (Figure 3.8A). The average relative batch fecundity (number of 
oocytes per gram) is a better metric to compare fecundity among species of different 
sizes. The number of oocytes per gram in scombrids ranges from 38 in bigeye tuna 
(Thunnus obesus) to 242 in bullet tuna (Auxis rochei). Smaller scombrids tend to have 
higher mass-specific fecundities, spawning a greater number of oocytes per gram of body 
mass than bigger scombrid species (Figure 3.8B). The time between successive spawning 
events in scombrid species varies between every 1.1 days in southern bluefin tuna 
(Thunnus maccoyii) to every 6.5 days in blue mackerel (Scomber australasicus), and 
smaller scombrids tend to have greater spawning intervals between spawning events than 
larger body scombrids, although there are more some exceptions (Figure 3.8C). Finally, 
tropical species have generally longer spawning seasons (an average of 6 months), than 
their subtropical (5 months) and temperate (3.5 months) relatives (Figure 3.8D),   
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Figure 3.8  Batch fecundity estimates for scombrid species.  
(A) Absolute average batch fecundity. (B) Relative average batch fecundity. (C) Duration of 
spawning season of scombrid species by type of climate (find species climate in Table 3.1). In all 
the figures, the species are plotted in ascending rank order of body size, with the smallest species 
at the bottom (See Table 3.1 for maximum body size).  
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suggesting an association between spawning duration and the type of environment that 
species inhabit. 
Information on the full reproductive biology, including length and age at maturity, batch 
fecundities, spawning duration and frequency, is incomplete for most scombrid species, 
and around half of the populations of the principal market tunas (Figure 3.2 and 3.3). The 
length at 50% maturity and spawning season is unknown for 13 and 9 species of 
scombrids, respectively. More worrying, fecundity studies with accurate methodologies are 
lacking for 34 of the 51 species of scombrids. We also find that estimates of length at 50% 
maturity are less variable than growth estimates, suggesting that there is more uniformity 
among the methods (Figure 3.6). However, some species show large variability among 
studies, calling for some detailed examinations. Given the relative constancy of the ratio 
Lm50/Lmax within scombrid species, we find this ratio particularly useful to identify those 
species and studies that need further examination. For example, the estimates of length at 
50% maturity and the ratio Lm50/Lmax vary greatly among studies for the species Atlantic 
bluefin tuna (Thunnus thynnus), longtail tuna (T. tonggol) and Atlantic chub mackerel 
(Scomber colias). In the case of Atlantic bluefin tuna (T. thynnus), the different lengths at 
maturity of the eastern and western Atlantic populations might be driving some of the 
observed variation. It has been hypothesized that the different histories of exploitation for 
the two populations might explain some of the differences (ICCAT, 2009). The large 
differences in length at 50% maturity for longtail tuna (Thunnus tonggol) and Atlantic chub 
mackerel (Scomber colias) could be driven by the different methodologies employed in the 
studies or perhaps be an environmental-driven response of the species within its 
distribution. Finally, we also see some discrepancies in the estimates of relative fecundity 
within some species, for example the relative fecundities of skipjack tuna (Katsuwonus 
pelamis) differ greatly among studies. 
Setting priorities in life history research and future directions 
We assembled, summarized and critically reviewed the available biological knowledge on 
growth, maturity and fecundity for the 51 species of scombrids. We revealed that one third 
of species (17 spp.) have reasonable information on growth, maturity and fecundity and 
we refer to them as data-rich species. Half of the species (26 spp.) lack information on 
either growth, maturity or fecundity, and eight species have no information at all on 
growth, maturity or fecundity, for which we know little more than their maximum body sizes 
and their overall distributions. We refer to them as data-poor species. Additionally, by 
comparing the life history information across the four major taxonomic groups of 
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scombrids, we found that the biology of tunas and mackerel species have been more 
extensively studied than for Spanish mackerels and bonitos, although there are notable 
exceptions in all the taxonomic groups. Moreover, we also revealed that reproductive 
biology of species, particular fecundity, is the least-studied biological aspect when 
compared with growth and maturity.  
Although we would ideally encourage any biological studies to fill all life history data gaps 
of scombrid species identified in this study (Figure 3.3), instead we identify and propose a 
set of priorities for research based on the following criteria: (1) their biological life history 
data gaps, (2) the importance of their fisheries throughout their distributions and (3) their 
current conservation status according to the IUCN Red List of Threatened species. We 
assigned the highest priority rank for life history research to those species that have: (1) 
biological data gaps, (2) are targeted by commercial fisheries, and (3) are listed as 
Threatened, or Near Threatened or Data Deficient on the IUCN Red list. Similarly, we 
assigned the second highest priority to those species that have biological data gaps in 
knowledge and are also targeted by commercial fisheries throughout their ranges. 
Therefore, we differentiated between data-poor and data-rich species, between species 
targeted and non-targeted by commercial fisheries, and between species listed as 
Threatened, Near Threatened and Data Deficient from those listed as Least Concern in 
the IUCN Red List. (Table 3.S2). Threatened species are those listed as Critically 
Endangered, Endangered, and Vulnerable in the IUCN Red List (IUCN 2010). Species in 
the Data Deficient category are species for which there is insufficient information to 
evaluate their risk of extinction, and they may or may not be Threatened. Because of the 
risk associated with the uncertainty in their status, we treated them together with species 
in the Threatened categories as high priority in life history research (Table 3.S2). 
Based on our criteria we identified two groups of species for which life history research 
should be prioritized in the coming decades. The first priority group is made up of ten 
scombrid species for which we identified large life history-data gaps, are currently targeted 
by commercial fisheries throughout their distributions and are listed as Threatened, Near 
Threatened or Data Deficient (Figure 3.9). These species include six Spanish mackerels 
(Scomberomorus sinensis, S. plurilineatus, S. munroi, S. niphonius, S. guttatus, S. 
concolor), one tuna (Thunnus tonggol) and the three tropical mackerels (Rastrelliger 
kanagurta, R. brachysoma and R. faughni). For these species the full reproductive biology 
is unknown or very poorly known. This is particularly true for the Chinese seerfish 
(Scomberomorus sinensis) and the Japanese Spanish mackerel (S. niphonius), two 
important commercial species off the coast of Japan, Korea and China (Ni and Kwok 
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1999, Seikai National Fisheries Research Institute 2001, Obata et al. 2008, Xianshi 2008). 
While for S. niphonius we lack any length or age at maturity and fecundity estimates, for 
Chinese seerfish there is no data on maturity, fecundity or growth. Given the large 
maximum size reported for these species (S. sinensis ~ 240 cm and S. niphonius 103 cm), 
it is likely they might be vulnerable to fishing pressure throughout its range. Moreover, all 
the species in our top priority list were categorized as Data Deficient, with the exceptions 
of Monterey Spanish mackerel (Scomberomorus concolor) and Australian spotted 
mackerel (S. munroi) which were listed as Vulnerable (Collette et al. 2011). For these 
species there is insufficient data on their biology, population status, and current threats to 
even conduct the IUCN assessments, yet, they sustain diverse commercial fisheries in 
many countries throughout their ranges (Table 3.S1). Exacerbating the poor biological 
knowledge of these species and unknown exploitation and conservation status, the 
landings of these species have increased greatly in the last decade and are usually 
misclassified and highly underreported throughout their ranges given the limited capacities 
of the countries to undertake surveillance and enforcement in fishing ports (Majkowski 
2007, FAO 2010-2013, Collette et al. 2011).  
The second group of species for which life history research should be prioritized in the 
coming decades is made up of twenty-two data-poor and commercially targeted species of 
scombrids (Figure 3.9). For five of these species, we know little more than their maximum 
size and their distributions. All of these species are currently supporting diverse 
commercial fisheries throughout their distributions (Table 3.S1), yet most of these species 
either lack proper quantitative fisheries stock assessments or those available are outdated 
and therefore their exploitation status is unknown or poorly known throughout their 
distributions (Collette et al. 2011, Juan-Jordá et al. 2011). Similar to the species in the first 
priority group, the landings for these scombrid species have been increasing greatly in the 
last decades and those landings are often misclassified and even underreported in the 
country fisheries statistics (FAO 2010-2013). Most of the species in the two priority groups 
are endemic in the Indian Ocean and Indo-Pacific region, which we identified as the region 
with the highest diversity of scombrid species, and the region with the largest number of 
data-poor scombrid species. For all these reasons, we stress life history research should 
be prioritized on these species following the species-specific life history gaps identified in 
this study (see life history data gaps in Figure 3.3) in the coming decades. Basic life 
history knowledge on growth, maturity and fecundity schedules has proven to be very 
valuable in fishery data poor situations. Several methods have been developed to manage 
species with a lack of long term fisheries statistics based on basic life history information    
Life histories 
 
102 
Figure 3.9 Ven Diagram of life history research priorities in scombrid species.  
We differentiated between life history data-poor and data-rich species (see definition in main text), 
between species targeted and non-targeted by commercial fisheries (see Table 3.S1), and between 
species listed as Threatened, Near Threatened (NT) and Data Deficient (DD) from those listed as 
Least Concern in the IUCN Red List (See Table S2). Threatened species are those listed as 
Critically Endangered, Endangered, and Vulnerable in the IUCN Red List. Enclosed box illustrates 
scombrid species with the highest priorities for life history research. (*) Highlights the principal 
market tuna species.  
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of the species, which have proved useful to rank species according to their intrinsic 
sensitivities to threats such as fishing and are now commonly used to identify and select 
sensitive species to prioritize management and efforts to protect and recover most 
threatened species (Dulvy et al. 2004, Reynolds et al. 2005, Pardo et al. 2012).  
Only one species of principal market tuna, the Pacific bluefin tuna (Thunnus orientalis), 
was included in the priority species list. However, the life history review for the 23 principal 
market tuna populations revealed that there are multiple tuna populations for which the 
reproductive biology, including length and age at maturity and fecundity schedules, is still 
poorly known (Figure 3.3B). Particularly, the reproductive biology of albacore tuna 
(Thunnus alalunga) and Pacific bluefin tuna (T. orientalis) is the most poorly known and 
understudied of all principal market tunas. This is remarkable given the economic 
importance of these species globally (Majkowski 2007, Juan-Jordá et al. 2011). It is 
noteworthy that only recently the first complete studies on the reproductive biology of 
north Pacific albacore tuna, south Pacific albacore tuna and Pacific bluefin tuna were 
published (Chen et al. 2006, Chen et al. 2010, Farley et al. 2012). Although for these tuna 
species there are several old studies reporting estimates of length at first maturity instead 
of length at 50% maturity, we believe these estimates must be used with caution, and we 
do not report them here, because they are highly variable and might not represent length 
at maturity for the populations as a whole (Schaefer 2001). Therefore, we recommend 
prioritizing research on the reproductive biology including maturity and fecundity studies 
for Pacific bluefin tuna, and populations of Albacore tuna, other than the northern and 
southern Pacific populations.  
Up to now, we focused on identifying life history research priorities for specific species of 
scombrids. Yet, the determination of longevity and validation studies of age is one area of 
life history research that we believe should also be given high priority in the coming 
decades. Biological timings and rates, such as maximum age, age at maturation and 
growth rate are one of the primary axes of life history variation in vertebrates and 
especially scombrids (Juan-Jordá et al. 2012). The ability to accurately estimate and 
validate age in fishes is important for the subsequent estimation of demographic 
parameters of growth, mortality, longevity and age at maturity (Campana 2001, Cailliet 
and Andrews 2008). In light of the within-species variation observed, longevity estimates 
in scombrids should be used with caution and we recommend prioritizing age validation 
studies particularly for long-lived scombrids. To date, age validation techniques have only 
been applied recently to some populations and species of the genera Thunnus, Scomber, 
and Scomberomorus (e.g. Kalish et al. 1996, McIlwain et al. 2005, Chen et al. 2006, Gunn 
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et al. 2008, Shiraishi et al. 2008, Shimose et al. 2009). The ages and longevities of large-
bodied, and potentially long-lived, species have often been underestimated in fishes, 
potentially causing fisheries management plans to be less successful (Cailliet and 
Andrews 2008). Scombrid species include some of the most valuable exploited species in 
the world and the sustainability benefit of valid demographic estimates would seem worth 
the comparatively modest outlay involved in age validation. 
Finally, we highlight some of the caveats of this study and suggest future directions to 
address them. First, by synthesizing and identifying life history research priorities at the 
taxonomic unit of species, we overlooked scombrid species that have widespread 
distributions and therefore the possibility of multiple locally-adapted populations 
throughout their geographical range. While it was not the scope of the present study to 
review and prioritize life history research in scombrids at the population level, in part due 
to the large volume of work and time constraints, the population structure for the large 
majority of scombrids species is unknown or poorly known throughout their distributions, 
with few exceptions. Second, by focusing this study on the taxonomic unit of species we 
also overlooked the potential spatial and temporal patterns of life history variation within 
each scombrid species or populations. Life history traits for a given species might vary 
spatially in response to environmental effects and latitudinal clines (Jennings and 
Beverton 1991, Blanck and Lamouroux 2007) and in addition vary temporally in response 
to fishing-induced effects (Rochet 1998). To our knowledge, very few studies have 
quantified how growth and reproductive life history traits vary spatially within the species 
distributions (e.g. Schaefer 1987, 1998, Farley et al. 2012) or vary temporally perhaps 
induced by fisheries exploitation (e.g. Grégoire 1993, Watanabe and Yatsu 2006). We 
therefore further encourage two broad lines of research. An immediate line of research 
with relatively low cost could make use of the life history data set assembled here to test 
the intraspecific variation in the multiple life history traits across large-scale environmental 
effects (e.g latitude, temperature, habitat types) in scombrid species, and at the same time 
focus on identifying and prioritizing regional life history data-gaps for each individual 
species. As a second line of research, we encourage future studies to continue 
determining the population structure of scombrid species using multiple approaches from 
genetic techniques to the use of biological markers such as otolith microstructure and 
electronic tagging methods, in order to define geographic boundaries of populations at 
scales relevant for fisheries management.  
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Conclusions 
We reviewed and synthesized the life history information on growth and reproductive 
biology for the 51 species of scombrids, including a population-level review for the 
principal market tuna species, identified major biological gaps in knowledge and prioritized 
life history research needs for scombrid species and principal market tuna populations 
given the life history gaps identified, importance of their fisheries and current conservation 
status according to the IUCN Red List. Given their economic and social importance and 
the increase in global catches and demand, scombrid species will continue to be central in 
future fisheries and ecological research. Globally the majority of life history research has 
focused, and still is focused, on the principal market tuna species and a few temperate 
mackerel species, giving less priority to the life history research of the rest of coastal 
scombrid species. We emphasize the need to continue field studies, employing proper 
experimental design and methodologies on the life history data-rich principal market tuna 
and mackerel species as needed, yet we hope to have raised attention to the urgent need 
for work on the life history of the smaller coastal scombrid species. Although lower in 
economic value in the global markets, coastal scombrid species support diverse fisheries 
throughout their distributions and are an important source of wealth and food security to 
the local fishing communities in many countries (Collette and Nauen 1983, Gillett et al. 
2001, Majkowski 2007, Di Natale et al. 2009). Furthermore, we encourage future studies 
to use the assembled life history data set presented here to develop comparative analyses 
to make use of the biological knowledge on data-rich scombrid species to data-poor 
scombrid species with potential similar biology which could potentially have a positive 
effect in the quality of management advice. Last, by highlighting the important gaps in 
biological knowledge and providing a priority setting for life history research in scombrid 
species, we hope this study can serve as a guide for fish biologists and resource 
managers interested in the biology, ecology and management of scombrid species, 
particularly in areas of the world where the information is lacking, inadequate or outdated.  
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Supplementary Figures 
 
Figure 3.S1  Number of studies to estimate age and growth by method type in 
scombrid species.  
Aging methods including direct methods such as calcified structures (vertebrae, spines, scales and 
otoliths) and indirect methods such as modal analysis of length frequencies and tagging studies, or 
by various combinations of several of these methods.  
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Figure 3.S2  Illustration of the effect of different aging and growth techniques on 
the estimation of life history parameters.  
(A) Growth performance index, (B) Von Bertalanffy growth parameter K and (C) longevity. Only 
species having more than 15 Von Bertalanffy growth curves are shown. 
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Supplementary Tables 
Table 3.S1  List of scombrid species with a brief description of their fisheries. (*) 
Commonly known as principal market tunas  
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Table 3.S2  Criteria to construct the Venn Diagram of life history research 
priorities in scombrid species.  
We differentiated between life history data-poor and data-rich species (see definition in main text), 
between species targeted and not-targeted by commercial fisheries (see Table 3.S1), and between 
species listed as Threatened, Near Threatened and Data Deficient from those listed as Least 
Concern in the IUCN Red List [10]. IUCN Red List categories: CR - Critically Endangered, EN - 
Endangered, VU - Vulnerable, NT - Near Threatened, LC - Least Concern and DD - Data Deficient.  
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Chapter 4.  
 
Life in 3-D: Life history strategies in tunas, 
mackerels and bonitos1 
Abstract 
The scombrids (tunas, bonitos, Spanish mackerels and mackerels) sustain some of the 
most important fisheries in the world and their sustainable management depends on better 
understanding of their life history strategies. Here, we assemble life history information on 
maximum size, growth, longevity, maturity, fecundity and spawning duration and interval 
for all scombrid species and we characterize their life history patterns and trait co-variation 
and evaluate how many principal axes of trait variation underlie scombrid life history 
strategies. Most of their life history variation can be explained along three axes or 
dimensions: size, speed, and reproductive schedule. Body size governs the first axis 
ranking species along a small-large continuum. The second axis was mostly influenced by 
time-related traits, such as longevity, growth rates, spawning duration, time between 
spawning events, ranking species along a slow-fast continuum of life histories. Scombrid 
species with the slowest life histories such as Atlantic bluefin tuna Thunnus thynnus and 
Atlantic mackerel Scomber scombrus tend to inhabit more temperate waters while species 
with faster life histories such as yellowfin tuna Thunnus albacares and short mackerel 
Rastrelliger brachysoma are typically found in more tropical waters. The third axis 
comprises the negative relationship between number of eggs produced at length of 
maturity and rate in gain of fecundity with size describing the schedule of reproductive 
allocation which reflects a fundamental trade-off between reproduction and growth. 
Finally, in addition we show that the life history strategies of scombrids conform more 
closely to the Periodic and Opportunistic strategists within the triangular model of fish life 
histories. 
 
                                                
1 A version of this chapter is published as, Juan-Jordá, M.J., Mosqueira, I., Freire, J. & Dulvy, N.K. (2012) Life in 3-D: life history 
strategies in tunas, mackerels and bonitos. Reviews in Fish Biology and Fisheries. Doi: 10.1007/s11160-012-9284-4. 
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Introduction 
Information on the life history traits of species, such as patterns of growth and 
reproduction, has many uses in biology, theoretical ecology and applied resource 
management (Beverton 1992, Molles 2000). The life history attributes of species and their 
life history strategies are fundamental to our understanding of how species respond to 
human exploitation (Beverton and Holt 1959, Jennings et al. 1998), habitat degradation 
(Ockinger et al. 2010), invasions (Olden et al. 2008), and climate change (Dalgleish et al. 
2010). In addition, the life history attributes are major determinants of the population 
dynamics of fishes and underpin the sustainable exploitation and management of species 
through selectivity, effort and allowable catch controls (Beverton and Holt 1959, Dulvy et 
al. 2004), or spatial management (Claudet et al. 2010). Here, we compile life history 
information for the 51 species in the family Scombridae (Table 4.1) with the aim of 
characterizing their life history strategies and promote the use of life history information to 
enhance the management of exploited species of scombrids, particularly species for which 
biological knowledge is limited. In an era where one of the major impediments for 
ecosystem assessments and management is the lack of information on the status for the 
majority of the species exploited, the knowledge of life history parameters can provide a 
starting framework in support of management (King and McFarlane 2003). 
The scombrid species (tunas, bonitos, Spanish mackerels and mackerels) are major 
components of the pelagic ecosystems being epipelagic and epi-mesopelagic predators 
with their life cycles confined to marine open waters although some species are 
associated to coral reefs and use estuarine and riverine habitats (Collette and Nauen 
1983). They are widely distributed either in coastal or oceanic waters throughout the 
tropical, subtropical and temperate waters of the world oceans. Most species are 
migratory, particularly the three species of bluefin tuna (Thunnus thynnus, T. orientalis and 
T. maccoyii) which can tolerate a wide thermal range from feeding grounds in cold 
temperate waters to spawning grounds in warmer waters (Boyce et al. 2008). Scombrids 
are also among the most advanced groups of pelagic fishes. The tunas are endothermic 
having evolved a countercurrent heat exchanger system with the function of retaining 
metabolic heat that increases their body temperature above the surrounding water (Block 
and Finnerty 1994). Tunas have also evolved the highest swimming speeds among fish 
and a high efficient oxygen uptake system to fuel their high metabolic rates (Graham and 
Dickson 2004). In addition to their biological and ecological importance, scombrid species 
support important fisheries worldwide from large-scale industrial to small-scale fisheries   
Life histories 
 
128 
Table 4.1  List of species in the family Scombridae with their taxonomic 
information, oceanic environments and geographic distributions.  
The current accepted classification of the family Scombridae is based on morphological studies 
(Collette et al. 2001). (*) Commonly known as principal market tuna species. 
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(Majkowski 2007, Juan-Jordá et al. 2011). Their commercial importance and economic 
value have also led to numerous life history studies in the last 50 years, although the 
degree of life history research varies across species (Juan-Jorda et al, in review). This 
family of fish represents an opportunity to study life history variation and life history 
strategies given their wide ranging geographic extent in their distributions and migrations, 
and their fascinating adaptations to the pelagic environment, including species with a wide 
breath of life history attributes differing greatly in ecology. 
The scombrid species (tunas, bonitos, Spanish mackerels and mackerels) are major 
components of the pelagic ecosystems being epipelagic and epi-mesopelagic predators 
with their life cycles confined to marine open waters although some species are 
associated to coral reefs and use estuarine and riverine habitats (Collette and Nauen 
1983). They are widely distributed either in coastal or oceanic waters throughout the 
tropical, subtropical and temperate waters of the world oceans. Most species are 
migratory, particularly the three species of bluefin tuna (Thunnus thynnus, T. orientalis and 
T. maccoyii) which can tolerate a wide thermal range from feeding grounds in cold 
temperate waters to spawning grounds in warmer waters (Boyce et al. 2008). Scombrids 
are also among the most advanced groups of pelagic fishes. The tunas are endothermic 
having evolved a countercurrent heat exchanger system with the function of retaining 
metabolic heat that increases their body temperature above the surrounding water (Block 
and Finnerty 1994). Tunas have also evolved the highest swimming speeds among fish 
and a high efficient oxygen uptake system to fuel their high metabolic rates (Graham and 
Dickson 2004). In addition to their biological and ecological importance, scombrid species 
support important fisheries worldwide from large-scale industrial to small-scale fisheries 
(Majkowski 2007, Juan-Jordá et al. 2011). Their commercial importance and economic 
value have also led to numerous life history studies in the last 50 years, although the 
degree of life history research varies across species (Juan-Jorda et al, in review). This 
family of fish represents an opportunity to study life history variation and life history 
strategies given their wide ranging geographic extent in their distributions and migrations, 
and their fascinating adaptations to the pelagic environment, including species with a wide 
breath of life history attributes differing greatly in ecology. 
There have been several theories developed to predict the evolution of specific sets of life 
history traits and life history strategies of species in response to environmental conditions 
(MacArthur and Wilson 1967, Murphy 1968, Pianka 1972, Stearns 1976, Grime and 
Pierce 2012). The r-K selection theory was one of the first, predicting a one-dimensional 
continuum of life histories with extreme r- and K-selected species at each end. This theory 
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now is seen as incomplete and has been challenged by theoretical and empirical work 
(Stearns 1977, Reznick et al. 2002). Alternatively, there is now evidence that three-way 
adaptive trade-off exists in all organisms including bacteria, plants and animals, 
recognizing that multiple trade-offs occur and not simple single dimensions (r-K) are 
involved in the evolution of primary adaptive life history strategies in organisms (Grime 
1977, Southwood 1977, Winemiller and Rose 1992, Golovlev 2001, Grime and Pierce 
2012). One of the first theories predicting three-way trade-offs, and now the most mature 
and empirically-supported theory, is the CSR plant theory of primary adaptive strategies 
(Grime 1974, 1977, 2001). The CSR theory predicts that the strategies of plant species 
are an adaptive response to a three-way trade-offs in the investment of resources 
between the control of resource acquisition in productive habitats (Competition or C 
strategy), the persistence of individuals in unproductive habitats (Stress tolerant or S 
strategy), or regeneration of species in response to disturbance or lethal events (Ruderal 
or R strategy). Although originally proposed for plants, there is growing evidence that 
identical three way trade-offs between resource acquisition, maintenance and 
regeneration constraints adaptive strategies exists in a wide phylogenetic range of 
organisms as diverse as bacteria, fungi and animals (Grime and Pierce 2012).  
One of the key lines of evidence for three primary adaptive strategies in fishes comes from 
comparative life history studies (Winemiller 1989, Winemiller and Rose 1992 , Vila-Gispert 
et al. 2002, King and McFarlane 2003, Grime and Pierce 2012). Using life history 
information from 216 North American marine and freshwater fishes Winemiller and Rose 
1992 identified three primary life history strategies in fishes arising from trade-offs 
between survival, fecundity and generation length. At one end, the Opportunistic 
strategists, such as sardines, are small, short-lived species with early maturation, 
intermediate fecundity, but high annual reproductive effort, which produce small offspring. 
They argued that this combination of traits maximizes the colonization ability of species 
across environments with frequent and intense disturbances (similar to R-selected 
strategists in plants). The Periodic strategists, such as rockfishes, are intermediate to 
large sized, long-lived species with a late maturation; short reproductive seasons and 
large clutches of small eggs. This strategy is advantageous in variable but predictable 
environments because producing a large number of offspring over long period of time 
allows bet-hedging and success during the infrequent periods of conditions favoring 
successful reproduction (similar to C-selected strategists in plants). The Equilibrium 
strategists, such as spiny dogfish, vary in body size (from small to large) and have 
moderate to late age at maturation, small clutches of large eggs, high juvenile survivorship 
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and well developed parental care, which are associated in habitats with low environmental 
variation (similar to S-selected strategist in plans). The scombrids appear to be 
intermediate strategists within the Opportunistic-Periodic-Equilibrium life history triangle, 
but this was based on two species of scombrids, albacore tuna Thunnus alalunga and 
chub mackerel Scomber japonicus (Winemiller and Rose 1992, King and McFarlane 
2003).  While, three-way trade-offs explains universal patterns of adaptive life history 
strategies of fishes and all organisms across the tree of life, it may not capture all of the 
detail. It is not expected that all the life history traits of organisms to be associated with the 
axes of the CSR model of plants life histories or Opportunistic-Periodic-Equilibrium model 
of fish life histories. Many of the life history traits can vary independently and influence the 
finer dimensions of life history variation in species and populations (Grime and Pierce 
2012). In addition, not all taxonomic groups of fishes will have traits occupying the full 
space of the Opportunistic-Periodic-Equilibrium life history triangle since phylogenetic 
constrains restrict the range of adaptive strategies possible. For example, chondrichthyan 
species with life histories characterized by slow growth and high investment in the survival 
of adults and young conform more closely to the Equilibrium strategists (King and 
McFarlane 2003, Dulvy and Forrest 2009).  
A comparative life history study of ten Atlantic scombrid and billfish species revealed one 
major dominant life history axis shaped by the environment (Fromentin and Fonteneau 
2001). Tropical species such as yellowfin tuna Thunnus albacares and skipjack tuna 
Katsuwonus pelamis have short-medium body sizes, early age at maturity, fast growth 
and extended spawning seasons whereas temperate species, such as Atlantic bluefin 
tuna, had the opposite set of traits. Although in such study the life histories of tropical tuna 
species were closely associated with the r-selected species and temperate tuna species 
were closely associated with K-selected species of the r-k selection model, it was also 
acknowledged that the r-k selection model was insufficient to explain the full spectrum of 
life histories and population dynamics of tunas and billfishes. The r-K theory predicts r-
selected species in variable environments while tropical tunas spend their whole life cycle 
in tropical warm waters which are commonly perceived as more stable environments than 
temperate waters (Fromentin and Fonteneau 2001). In addition, the high fecundities in 
bet-hedging strategies observed in tunas and billfishes do not correspond to the 
expectations of the r-k selection theory either (Rochet et al. 2000, Longhurst 2002). It is 
evident that the one-dimensional r-k theory is unable to explain the richness of scombrid 
life history strategies. In addition, the small number scombrid species included in previous 
comparative analysis of life histories leaves unanswered whether there is a single 
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dominant life history strategy within the Scombridae family or if instead there is a wide 
range of variation in adaptive strategies. 
The main objective of this study is to characterize the scombrid life history strategies. First, 
we compile life history information (maximum size, growth, longevity, maturity, fecundity 
and spawning duration and interval) for all scombrid species on a global scale. Second, 
we examine the main patterns in the life history traits across scombrid species and use 
multivariate analyses to examine the co-variation among traits and evaluate how many 
principal axes of trait variation underlie scombrid life history strategies. Finally, we tested 
for sexual dimorphism in the following life history traits: maximum size, longevity, length of 
maturity and growth rates. 
Methodology 
Data collection, data sources and data standardization 
We assembled life-history data for the 51 species of scombrids on a global scale from a 
wide range of published literature including: scientific journals, grey literature and theses 
published in English, Spanish, French, Portuguese, Italian and any other language that 
provided an English summary. We reviewed and included only the original studies; 
excluding review articles. By reviewing only original information, we avoided propagating 
widely-used but poorly-supported or erroneous parameter estimates. From each life 
history study, we extracted the trait estimates reported for females, males, and both sexes 
combined along with the sample sizes and the method used to estimate each of the life 
history parameters. In our life history analysis we preferentially used the female estimates 
whenever the traits were reported separately for sexes. We report length-based estimates 
as fork lengths throughout. We transformed standard lengths or total lengths into fork 
lengths using published length conversion equations. 
Life history traits 
For each species we collected the following life history parameters: 
Maximum length: We extracted the maximum length (Lmax, cm) of the fish observed from 
each life history study.  
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Growth: We extracted the three parameters (L∞, k and to) of the von Bertalanffy growth 
function, Lt=L∞ (1-e-k(t-to)), from each growth study. Lt is the length at age t in years. L∞ is 
asymptotic length in cm - the mean size the individuals in the population would reach if 
they were to grow indefinitely. The growth coefficient k (year-1 ) expresses the rate at 
which the asymptotic length is approached and to is defined as the hypothetical age in 
years that fish would have at zero length. We compared the maximum observed length 
(Lmax) and the theoretical maximum length or asymptotic length estimates (L) of species 
to evaluate their interchangeability. 
Longevity or maximum age: We extracted the maximum observed age (Tmax, years), 
here referred as empirical longevity, from all growth studies where age was estimated. 
Many growth studies did not report longevity. Consequently, theoretical longevities (T∞, 
years) are commonly estimated using Taylor’s relationship based on the von Bertalanffy 
growth rate parameter k as T∞=3/k (Taylor 1958). The Taylor’s longevity estimate is the 
age that a fish population would reach at L∞. Therefore, we also extracted theoretical 
longevities from the studies or we estimated them using Taylor’s relationship. We 
compared the empirical (Tmax) and theoretical (T) longevity estimates to evaluate their 
interchangeability. 
Length and age at maturity: We extracted both the length (Lm, cm) and age (Tm, years) 
at first maturity (the length and age at which maturity is first reached by an individual in a 
sample) and length (Lm50 ) and age (Tm50, years) at 50% maturity (length and age at which 
50% of the sampled individuals have matured) from maturity studies. However, some 
studies only estimated length and age at first maturity. In the majority of the studies, age 
at maturity was estimated by converting length at maturity to age using a Von Bertalanffy 
growth equation. 
Batch fecundity, spawning season and spawning interval: Scombrids batch spawn 
repeatedly over the spawning season. We collected information on absolute batch 
fecundity (average number of oocytes in a batch), fecundity-length relationships 
(Fecundity = a × Length b) and relative batch fecundities (Frel, number of oocytes per 
gram).We used the fecundity-length equation to estimate the absolute batch fecundity at 
the length of 50% maturity (FLm50) interpreted as the number of oocytes of mature females 
at the length of 50% maturity in a single spawning. We also extracted the exponent of the 
fecundity-length relationship (or slope of the log-log fecundity-length regression), which 
describes the increase of fecundity with size (Fslope). Finally, we also collected information 
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on the spawning intervals (Spwint, the average number of days between spawning events 
in the population) and duration of the spawning season (Spwseason, months). 
Data screening and aggregation of data at the species level 
We screened our data set using established criteria to remove poor estimates, errors, and 
outliers. We focused mostly on the von Bertalanffy growth parameters since they showed 
the largest variation among all the life history parameters. We evaluated the reliability of 
the von Bertalanffy growth curves of each of the species using two criteria. First, we 
estimated the variability in the ratio between the maximum observed length (Lmax) and 
asymptotic length (L∞) for each study and across all the studies and species pooled. We 
eliminated those studies with ratios more than three standard deviations away from the 
mean ratio across all studies. Second, we examined the variability of the phi-prime 
parameter (Φ’ = log10k + 2* log10L∞) calculated from each study across all studies and 
species pooled, where k and L∞ are parameters of the von Bertalanffy growth function. The 
Φ’ values for a given species or taxonomically related group of species should be normally 
distributed around the mean Φ of the taxonomic unit, and values further away from the 
mean of the distribution must be interpreted with increasing caution (Pauly and Munro 
1984). We standardized the Φ’ values of each study by dividing each by the mean of Φ’ 
within each species. Second, we removed the outlying growth equations in which the 
standardized Φ’ value was bigger than three standard deviations away from the mean 
standardized Φ’ values across all the studies and species. We arbitrarily choose a value 
of three standard deviations away from the mean based on the histograms of the ratios 
(all data pooled) which highlighted those studies away from the pooled mean. The life 
history data set contains 684 articles (Appendix C) and is available upon request from 
the corresponding author. 
In order to aggregate the life history parameters from multiple studies at the species level 
we selected data for analysis based on the following rules. (1) We chose the maximum 
value for those traits at the extreme of the life cycle (maximum length and empirical 
longevity). (2) We calculated a sample-size weighted average for those reproductive traits 
within the lifecycle (maturity, fecundity and spawning interval). (3) For the growth traits 
derived from model estimates (growth coefficient, the asymptotic length coefficient and 
theoretical longevity), we calculated a simple arithmetic mean (giving equal weight to all 
the studies), because these parameters are more difficult to combine across studies due 
to the differing methodologies used to estimate age and growth among studies. For 
example, the precision and sample size of otoliths measurements and length interval 
Life histories 
 
136 
analyses are not comparable. In our analysis we used the maximum length ever observed 
across all the studies for each species instead of their theoretical maximum lengths. While 
at the study level the theoretical estimated lengths were significantly larger than the 
maximum observed lengths of each study (Figure 4.S1A), after aggregating the data for 
each species, the species maximum observed lengths were significantly larger than their 
averaged theoretical maximum lengths (Figure 4.S1B). This is expected given that the 
theoretical maximum length is the mean size the individuals in a population would reach if 
they were to grow indefinitely. In addition, the maximum observed lengths were available 
for the 51 species of scombrids while theoretical maximum lengths were available for 41 
species. Moreover, the relationship between empirical longevities (maximum estimated 
age) and theoretical longevities (estimated with Taylor’s relationship) was more variable 
and noisy. We found a high scatter between the empirical longevities and theoretical 
longevities across all the studies (Figure 4.S1C) and across all species (Figure 4.S1D) 
and the relationships were increasingly noisier for species with the lager longevities. This 
suggests that theoretical longevities are not a good proxy for empirical longevities in 
scombrids particularly for longer-lived species. Therefore, for our analysis, we used the 
maximum value of all empirical longevities across all the studies for each species over the 
theoretical longevities estimated with Taylor’s relationships. However, for those species 
with no empirical longevity estimates, we used an average of the theoretical longevities 
available. We recommend caution in the use of these longevity estimates and on the 
interpretations of longevities in our analysis. Empirical longevities are dependent on the 
sample size of the studies and aging methods and theoretical longevities are weakly 
correlated with empirical longevities across scombrid species (Figure 4.S1).  
We used analysis of variance (ANOVA) to quantify the relative magnitude of the variability 
between species compared to the variability between studies within species in each life 
history trait in order to assess the implications of trait averaging across multiple studies at 
the biological unit of species. We also calculated the Relative Intraspecific Variation (RIC) 
ratio for each trait as the variance among studies within species (intraspecific variation) 
divided by the total variance (sum of the intraspecific and interspecific variation) (Blanck 
and Lamouroux 2007). A small ratio indicates that traits vary more among species and a 
big ratio indicates that traits vary more among studies. All life history traits differed 
significantly among scombrid species (Table 4.S1). The relatively high interspecific 
variation (compared with intraspecific variation) in traits allows us to estimate and use 
average species traits for our analysis (Table 4.S2).  
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Analysis of life history patterns and sexual dimorphism 
We used Pearson’s correlations to examine the bivariate relationships among all the life 
history traits across all 51 species of scombrids. We also performed a principal component 
analysis (PCA) on the life history data to explore patterns of linear relationships among the 
life history traits and identify the number of major axes of life history variation. We 
interpreted the principal components as major axes of life history variation. The PCA 
included ten life history traits resulting in an ordination of seven scombrid species, which 
had complete life history information, spanning a wide range of values in their life history 
attributes. We log-transformed (natural logarithm) all the life history traits prior to the 
analysis, except the slope from the fecundity-length relationship which was already 
estimated from log-transformed data. We performed all the PCAs on the correlation matrix 
to standardize for the influence of unequal variances among life history traits.  
We also tested for sexual dimorphism in the following life history traits (maximum size, 
longevity, length of maturity and growth rate) within each taxonomic group. We regressed 
the female life history traits on the male life history traits using reduced major axis 
regression (Warton et al. 2006). The regression slopes significantly different from one 
indicates sexual dimorphisms in the traits.  
All data management, analysis and figures were done using the R statistical software 
v.2.14.2 (R Development Core Team 2012) , including the R packages “ggplot2” 
(Wickham 2009), “smatr” (Warton et al. 2006) and “vegan”(Philip 2003). 
Results 
Bivariate and multivariate life history patterns across scombrid 
species 
The life history traits across the 51 species of scombrids display a wide range of variation 
(Table 4.2 and S2). Maximum observed length (Lmax) varies over one order of magnitude 
of length from 31 cm in the island mackerel (Rastrelliger faughni) to 372 cm in the Atlantic 
bluefin tuna. Body size strongly influences many demographic rates and biological 
processes (Peters 1983), hence we also observe large variation in the all the growth and 
reproductive  life history traits across the scombrid species (Table 4.2). Age and growth 
related traits are highly correlated with maximum body size, such that large scombrid 
species tend to live longer and complete their growth at a lower rate than species with 
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smaller maximum sizes. Maximum body size is positively correlated with longevity (r = 
0.68, Figure 4.1A) and negatively correlated with growth rate (r = -0.62, Figure 4.1B). In 
addition, longer-lived species also tend to reach their maximum body sizes at a lower rate 
than the shorter-lived species. There is a significant negative correlation between growth 
rate and empirical longevity (r = -0.80, Figure 4.1C). 
Several reproductive life history traits also vary with maximum body size. Maximum size is 
positively correlated with both length- and age-at-maturity (r = 0.92 and r= 0.49, 
respectively, Figure 4.1D-E). Scombrids mature at around half of their maximum length; 
the length at maturity is typically 45.7% of the maximum length. Scombrids mature at 
around one quarter of the way through their life; the age at maturity is reached about 
25.4% of the maximum age across all the species. Larger scombrids are more fecund 
than smaller species, as shown by the positive correlation between the absolute fecundity 
at length of maturity and maximum length (r = 0.81, Figure 4.1F). However, smaller 
scombrids have higher mass-specific fecundities, spawning a greater number of oocytes 
per gram of body mass (r = -0.55), and have greater spawning intervals between 
spawning events (r = -0.7) than scombrids attaining larger maximum sizes (Figure 4.1G-
H). Moreover, small scombrids have a greater gain in fecundity with size. Although the 
negative correlation between maximum length and the slope of the fecundity-length 
relationship was weak (r = -0.13); the correlation becomes significant after removing the 
outlying data point of the Southern bluefin tuna, indicating that smaller species appear to 
have a steeper gain in fecundity with increasing body size (r = 0.42, Figure 4.1I). We also 
find a negative correlation between the absolute fecundity at length of maturity and the 
slope of the fecundity length relationship (r = -0.12 including the Southern bluefin tuna and 
r = -0.51, excluding it, Figure 4.1J), indicating that smaller species have lower fecundities 
at maturity with their fecundities increasing steeply with body size, while bigger species 
invest more in fecundity at maturity but their fecundities increase less steeply with body 
size. Finally, the duration of the spawning season is the only reproductive trait that is not 
correlated with maximum body size or any other life history trait (Figure 4.1K). Instead, the 
spawning duration seems to be associated with the type of environment species inhabit. 
Although there are some exceptions, generally tropical species have longer spawning 
seasons (an average of 6 months), than their subtropical (5 months) and temperate (4 
months) relatives (Figure 4.1L). Tropical species also have the largest variation in 
spawning duration ranging from one to twelve months. Additional correlations between life 
history traits are presented in Table 4.3.  
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Table 4.2  Summary statistics for ten life history traits, with mean values, 
standard deviations (SD), sample sizes (n), minimum and maximum 
values and coefficient of variation (CV). 
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Figure 4.1 Bivariate relationships between various pairs of life history traits (A-
K) and duration of spawning season by oceanic environment (L) for 
scombrid species. 
See Table 4.1 for the name of the species and Table 4.3 for the correlations among life history 
traits.  
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Table 4.3  Pearson’s correlations matrix of life history traits of scombrid species 
with p-values (lower diagonal) and sample sizes (upper diagonal).  
Correlations are based on all available data for scombrid species.  
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The principal component analysis (PCA) of all 10 life history traits for seven scombrid 
species resulted in a first component with endpoints contrasting species with large body 
size, long-lived, late maturing, slow growing, having high absolute fecundities at length of 
maturity and small spawning intervals between spawning events against those species 
with the opposite suite of traits (Table 4.4, Figure 4.2A). The first component explained 
59% of the variance, and consisted mainly of size-related traits. The second PCA 
component ordinated species along a slow-fast continuum of time-related life history traits. 
This axis separated longer-lived, slow growing species with shorter spawning seasons, 
also having higher relative fecundities, and spawning higher number of oocytes per gram 
from species with the opposite suite of traits. This second component explained 23% of 
the variance. The ordination of species along the two main gradients of variation revealed 
two pairs groups of species with distinct life history strategies (large size versus small 
size) separated by environment (slow life histories in temperate waters versus fast life 
histories in tropical waters):  
(1a.) Large, slow temperate. Larger-size, longer-lived, and slower growing Atlantic 
bluefin and Southern bluefin tunas.  
(1b.) Large, fast tropical. Larger-size but shorter-lived, and faster growing bigeye 
tuna Thunnus obesus and yellowfin tuna.  
(2a.) Small, slow temperate. Smaller-size, longer-lived, and slow-growing Atlantic 
mackerel Scomber scombrus and spotted chub mackerel S. australasicus. 
(2b) Small, fast tropical. Smaller-size but shorter-lived, and fast-growing skipjack 
tuna.  
The third component explained 13% of the total variance and captured trade-offs in 
reproductive allocation and correlated positively with the slope of the fecundity-length 
relationship, and negatively with maximum size and the absolute fecundity at length of 
maturity (Table 4.4, Figure 4.2B). The third component mainly distinguished species with 
high fecundity at maturity but with a slow increase of fecundity with body size from species 
with low fecundity at the length of maturity with a steeper increase of fecundity with body 
size. The second and third component together ordinated the species along a slow-fast 
continuum and at the same time separated the Atlantic bluefin tuna with a slow increase of 
fecundity with size, from the Southern bluefin and yellowfin tunas, which appear to have a 
steeper increase in fecundity with size. Together the first three axes combined explained 
95% of the total variation in the data.  
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Table 4.4 PCA statistics for seven scombrid species based on ten life history 
traits. 
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Figure 4.2 Principal component analysis (PCA) results of 10 life history traits and 
7 species of scombrids including the species scores and vector plots 
of the trait scores.  
See Table 4.4 for the factor loadings of the PCA.  
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Here we extend and generalize the first two dimensions of tuna life histories revealed by 
the PCA upon the seven scombrid species which had complete life history information. 
We placed the life history variation of forty-two species of scombrids along the first two 
major axis of variation, ranking species both along a small-large continuum and along a 
slow-fast continuum (Figure 4.3). We size-corrected the time-related traits of longevity and 
growth by calculating the residuals from linear regressions of each life history trait on 
maximum length. While we observe a positive relationship between the maximum lengths 
and longevities of the species reflecting that larger species appear to be longer-lived, we 
also observed that for any given maximum body size of the species there is a wide range 
of longevities (Figure 4.3A). For example, for species with maximum lengths larger than 2 
meters, the tropical yellowfin tuna has a maximum length of 239 cm and can live up to 8 
years, compared to the similar-sized temperate Southern bluefin tuna with a maximum 
length of 245 cm can live up to 41 years. For the smallest scombrid species with 
maximum lengths smaller than a meter, tropical frigate tuna Auxis thazard (62 cm) has a 
longevity of 4 years while temperate Atlantic mackerel (60 cm) has a longevity of 15 years. 
Finally, for species with intermediate body sizes, we also find a wide range of longevities 
for a given body size, for example Korean seerfish Scomberomorus koreanus (maximum 
length of 150 cm) has a longevity of 4.9 year and narrow-barred Spanish mackerel 
Scomberomorus commerson (240 cm) has a longevity of 31 years. However, all the 
medium size species in this case inhabited the tropics or the subtropical oceans.  Using 
the size-corrected traits of growth and longevity we ranked the species according to their 
speed of life (irrespective of their body sizes) (Figure 4.3B). Temperate species tended to 
have the slowest life histories while tropical and subtropical species spread along most of 
the slow-fast continuum of life histories. We find that the tropical island mackerel and 
yellowfin tuna have the fastest life histories while temperate Atlantic mackerel and 
Southern bluefin tuna have the slowest life histories among all the scombrid species. 
Sexual dimorphisms in life history traits in scombrid species 
The patterns of sexual dimorphism differed among taxonomic groups. In Spanish 
mackerels, the females attain larger body sizes and mature at a larger body size than 
males, and also appear to live longer (Figure 4.4A,B and C). Females grow at a slower 
rate than males (Figure 4.4C). In contrast, tunas only showed significant sexual 
dimorphism in maximum size with males reaching larger maximum sizes than females 
(Figure 4.4A) and there was no significant evidence for sex differences in size of maturity,   
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Figure 4.3 Life history variation of forty-two species of scombrids along the 
small-large continuum and along the slow-fast continuum.  
(A) Relationship between maximum length and longevity across scombrid species (B) Relationship 
between size-corrected longevity and size-corrected growth rate across scombrid species. 
Regression line (black solid line). 
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Figure 4.4 Patterns in sexual dimorphism 
In (A) maximum observed length, (B) length of maturity, (C) growth and (D) longevity within the 
major taxonomic groups of scombrids; bonitos, mackerels, Spanish mackerels and tunas. See 
Table 4.1 for full list of species within each taxonomic group. 1:1 line (black solid ablines).  
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growth or longevity (Figure 4.4B-D). Mackerels did not show sexual dimorphisms in any 
life history trait and there was not enough data to explore sexual dimorphisms in the 
bonito species. 
Discussion 
Patterns of covariation among life history traits of scombrids revealed that most of the 
variation in the traits can be explained along three gradients: size, speed and reproductive 
schedule. We first explore these three dimensions further, then suggest the implications of 
such a narrowly bounded range of life histories for fisheries assessment and 
management, finally placing the scombrids within the larger envelop of fish life histories. 
Last we discuss what factors are likely to shape sexual differences in the life history traits 
of scombrid species.  
The first gradient of variation is mostly influenced by maximum size and highlights that all 
traits, except spawning duration, are correlated with size. Size governs the first gradient of 
life history variation in scombrids primarily ranking species along a small-large continuum 
as it is commonly viewed as a fundamental determinant of and constraint upon species life 
history evolution (Sibly and Brown 2007). Current views explaining the variations in body 
size suggest that competition and predation are the driving forces of adaptation leading to 
the evolution of species to attain optimum sizes to fill specific niches in nature (Brown and 
Sibly 2006). The second gradient of life history variation is mostly influenced by time-
related traits (longevity, age at maturity, growth rates, spawning duration, time between 
spawning events) and highlights the trade-off between longevity and growth, ranking 
species from the slowest to the fastest life histories (irrespective of their body size) and 
ordinating them along the slow-fast continuum of life histories. This pattern is consistent 
with the discovery of the importance of a similar slow-fast continuum in mammals, birds, 
and reptiles (Gaillard et al. 1989, Saether et al. 2002, Bielby et al. 2007). 
Scombrid species with the slowest life histories tend to inhabit more temperate 
environments and these species were characterized by having relatively longer life spans, 
slower growth rates, short spawning seasons and produce several batches of large 
number of eggs per gram with a lower frequency (large intervals between spawning 
events). While scombrid species with faster life histories are typically found in more 
tropical environments, and their life histories were characterized by shorter life spans, 
faster growth rates, long spawning season where species spawn multiple batches of small 
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number of eggs per gram at a higher frequency (small time intervals between spawning 
events). Current knowledge suggests that variations in the speed of life of species along 
the slow-fast continuum are adaptations to temperature-driven extrinsic rates of mortality 
imposed by the environment (Promislow and Harvey 1990, Brown et al. 2004, Dobson 
2007). Individuals experiencing high mortality rates due to the metabolic forcing at high 
temperatures evolve fast life histories in order to reproduce before dying, shifting the 
whole life cycle towards a faster end of the continuum. While species facing low mortality 
rates and reaching longer life expectancies have larger sizes at maturity, and invest more 
heavily in reproduction after maturing, thus shifting their whole life cycle towards the slow 
end of the continuum.  
The third gradient found in scombrid life histories highlights the negative correlation 
between number of eggs produced at length of maturity and the slope of the fecundity-
length relationship. Although the third gradient of variation identified in our analysis was 
weak in part because there were only seven species of scombrids with full reproductive 
and fecundity life history information, we also observed a negative correlation between 
fecundity at length of maturity and the rate at which fecundity increases with size across a 
larger number scombrid species which hints that the pattern may be more general (Figure 
4.1J). This pattern has been interpreted in fishes as a gradient describing a schedule of 
reproductive effort reflecting the fundamental trade-off between reproduction and somatic 
growth (Rochet et al. 2000). Small scombrid species (irrespective of their climate) such us 
spotted chub mackerel and Atlantic mackerel first allocate more energy to growth and as 
soon as they mature, spawn fewer eggs (due to their small body cavity size) but then 
increase their fecundity steeply with size, investing more energy into reproduction, thus 
having less resources for growth at their disposal (Charnov 2008). In contrast, larger 
scombrid species such as Atlantic bluefin tuna and yellowfin tuna initially invest relatively 
more in fecundity at maturity, but their fecundity increases less steeply with size leaving 
more resources for somatic growth. As an aside we note that the steep rate of increase of 
fecundity with size observed in Southern bluefin tuna does not follow the general pattern 
across scombrid species. We wonder whether the steep rate of increase in fecundity with 
size in southern bluefin tuna is a response of the species to the high rates of fishing 
mortality experienced during the last half century (CCSBT 2009). Other studies have 
reported an increase in fecundity at maturity and higher rates of increase of fecundity with 
size in species with high rates of fishing exploitation. Increasing fishing pressure results in 
an increase in the reproductive investment of species during their individual lifetime 
(Rochet et al. 2000). Although a gradient of slow and fast life histories, after accounting for 
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the effect of size, has been observed in previous comparative studies of life histories, and 
is well supported in fishes as well other vertebrate groups such as birds, reptiles and 
mammals (Gaillard et al. 1989, Saether et al. 2002, Bielby et al. 2007) a further third axis 
of life history variation is less well supported and its interpretation varies among groups 
(Rochet et al. 2000, Dobson 2007). 
By ranking the forty-one species of scombrids along a small-large continuum and a slow-
fast continuum, we could identify what species have similar and dissimilar life history 
strategies. Although we acknowledge that the life history strategies of species vary along 
a continuum, we highlight the importance of identifying similarities among species and 
identify groups of species with similar life histories since life history groupings can be used 
as the basis to construct a conceptual framework of management options for data-poor 
species (King and McFarlane 2003). Conceptual management frameworks to provide 
advice for those exploited species lacking information on their exploitation status, but 
based on their life history strategies, have already been put forward, as life histories of 
species are fundamental to understanding how species respond to fisheries exploitation 
and ocean changes (King and McFarlane 2003). The exploitation status for the majority of 
scombrid species and populations is unknown or uncertain (Juan-Jorda et al., 2012), 
therefore management scenarios using simple life history driven models such us the ones 
provided here, could be used as the basis for the assessment and management of data-
poor scombrid species.  
So how do scombrids fit within the Opportunistic-Periodic-Equilibrium triangular model of 
life histories? Earlier comparative analysis of a broad range of fish life histories examined 
only two scombrid species (chub mackerel and albacore tuna) and classified them as 
intermediate within the triangular model of life histories (Winemiller and Rose 1992, King 
and McFarlane 2003). As we have shown here, scombrid fishes have a wide range of life 
history attributes exhibiting variation in longevities, growth rates, maturity and fecundity 
schedules, sizes and habitat preferences, but lacking investment in the survival of young. 
Along the small-large and slow-fast gradients of life history variation in scombrids 
identified in this study, we can discern a continuum of life history patterns, and the 
strategies at the two extremes typify the Opportunistic and Periodic strategists identified 
by Winemiller (1989) and Winemiller and Rose (1992). On one extreme, the three bluefin 
tuna species (Thunnus thynnus, T. maccoyii and T. orientalis) which are the largest (245-
372 cm) and longest-lived (26-41 y) species of scombrids and are characterized by slow 
growth rates (0.11-0.15 y-1), late maturation (103-159 cm and 4-9 y), high fecundities 
(average batch fecundities of two million eggs at length of maturity) and short spawning 
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seasons (2-5 months) correspond well with the Periodic fish strategists (Winemiller and 
Rose 1992, King and McFarlane 2003). On the other extreme, three mackerels species 
(Rastrelliger brachysoma, R. faughni and R. kanagurta) which are the smallest (31-39 cm) 
and shortest-lived (1-4 y) species of scombrids and are characterized by early maturation 
(17-20 cm and 0.6-2 y), fast growth (1.3-2.9 y-1), presumably lower average batch 
fecundities at maturity (no data available) and extended spawning seasons (5-6 months), 
correspond well to fish species with Opportunistic strategists (Winemiller and Rose 1992, 
King and McFarlane 2003).  
Therefore, in this study we show that the life histories of scombrid species displayed a 
broad range of intermediate strategies along the gradient between the Opportunistic and 
Periodic strategists, with tropical mackerel species being the best example in the group of 
an Opportunistic strategist, and temperate bluefin tuna species providing good examples 
of Periodic strategists. Temperate tuna species spent most of their annual cycle in colder 
higher latitudes and perform large-scale migrations to exploit the relatively predictable 
seasonal environmental cycles to reproduce in very specific time and well-defined warmer 
habitats during spring time (Block et al. 2003). Migrating to favorable habitats to reproduce 
within a small environmental window is a strategy favorable for growth and survival of 
larvae that reduces uncertainty and minimize large scale temporal and spatial 
environmental variability, a common strategy among many Periodic strategist (Winemiller 
and Rose 1992). It has also been observed that long-lived marine teleosts, which are 
typically temperate or deep-water species, tend to have larger recruitment variability, an 
indicator of poor years in recruitment success, than shorter-lived species which are 
typically tropical species (Longhurst 2002). At first glance, the high recruitment variability 
generally observed in temperate scombrids species would not correspond very well with 
the typical environment characteristic in Periodic strategies (predictable large scale 
temporal and spatial environmental variation). However, it has been hypothesized that 
longevity, a characteristic of Periodic strategists, is crucial factor to sustain a safe level of 
successful recruitment over the long term when autocorrelated environmental variability 
across a series of years might produce poor recruitment (Murphy 1968, Longhurst 2002).  
Tropical mackerels and tunas with life history characteristics more typical of Opportunistic 
strategists appear to have adopted the strategy of maturing earlier, spawning more 
frequently and expanding their spawning seasons which provide a larger number of 
reproductive opportunities to maximize the probability of successful recruitment within the 
relatively low seasonality of many low latitude oceanographic regions (Longhurst and 
Pauly 1987, Winemiller and Rose 1992). Therefore the life history variation observed in 
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scombrids corroborates the triangular model of fish life histories proposed by Winemiller 
and Rose (1992) as this model explains well the life history variation observed in 
scombrids.  
The life history patterns and strategies described in this study were mostly based on 
female life history traits that we preferentially used over male traits. However, we also 
showed that sexual dimorphism in some life history traits exist in the tunas and Spanish 
mackerels, but not in the mackerels. Past studies have also reported significant sexual 
dimorphisms in size, weight, growth and longevity in several species of Spanish 
mackerels (McPherson 1992, Claereboudt et al. 2005, McIlwain et al. 2005). It has been 
hypothesized that the observed sexual dimorphisms in size and growth in Spanish 
mackerels could be related to the different amount of investment in gametogenesis by the 
two sexes (McIlwain et al. 2005). Sexual dimorphism in size has also been reported in 
many species of tunas, while dimorphism in growth has only been reported in temperate 
tuna species such as Atlantic bluefin tuna and Southern bluefin tuna and appears to be 
non-existent in tropical tuna species of bigeye and yellowfin (Schaefer 2001, Gunn et al. 
2008). It has been suggested that higher natural mortality rates in females than in males 
could explain the predominance of males within the larger size classes of tunas rather 
than sex differences in growth or vulnerability to capture (Schaefer 1998). 
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Supplementary Figures 
 
Figure 4.S1 Relationships between observed and empirical data.  
Relationship between maximum observed length (Lmax) and the theoretical maximum length (L∞) (A-
B) and the relationship between empirical longevities (Tmax) and theoretical longevities (T∞) across 
scombrid species (C-D). Fitted lines (grey solid ablines) with 95% confidence intervals (grey 
dashed ablines) were estimated using a reduced major axis regression model. 1:1 line (black solid 
ablines). Each point of panel A and C is an observation extracted from life history studies. Each 
point of panel B and D represents a species average. 
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Supplementary Tables 
Table 4.S1 Analysis of variance (ANOVA) and Relative Intraspecific Variation 
(RIV) ratio in each life history trait. 
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Table 4.S2 Data matrix of life history traits for scombrid species. 
 Each life history trait estimate is a species average across multiple studies. See Section 2.3 for 
methods to aggregate data at the species level.  
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Chapter 5.  
 
The speed of life and the decline of tunas and their 
relatives1 
Abstract 
Fishing has been identified as the primary threat in marine ecosystems, yet less than 1% 
of marine fish species are properly assessed. Understanding what species might be most 
at risk and developing methods to identify a priori what species might be most vulnerable 
to fishing exploitation remains a major challenge. The vulnerability of a species is a 
combination of its degree of exposure to extrinsic threats, such as fishing, and its intrinsic 
sensitivity to the threatening process. While there is increasing evidence for the idea that 
life histories and demography relate to measures of vulnerability including, threat status, 
and population trends, our literature review of comparative studies of vulnerability in 
marine fishes suggest that the efficacy of different life history traits to predict vulnerability 
varies greatly. Here, we examine the role of life histories and fishing in determining the 
population trajectories and current exploitation status of scombrids. What populations of 
scombrids are most vulnerable to fishing exploitation, and what life history correlates are 
best predictors of their trajectories and current exploitation status? After controlling for 
fishing mortality rates, scombrid populations with slow life histories, which are mostly 
found in temperate climates, are more likely to have experienced faster and larger 
declines and have a higher probability of being overfished, suggesting temperate 
scombrids such as the Atlantic bluefin tuna (Thunnus thynnus) and chub mackerel 
(Scomber japonicus) are more sensitive to fisheries exploitation. We stress differences in 
life history strategies need to be taken more into account in current fisheries management. 
Moreover, our analyses also suggests that growth rate and longevity are the best 
predictors of scombrid declines and current exploitation status, therefore, we recommend 
to use them to identify and rank species sensitivities to fishing exploitation in order to plan 
effective conservation strategies in data-poor situations. 
                                                
1 Juan-Jordá, M.J., Mosqueira, I., Freire, J. & Dulvy, N.K. (2013) The speed of life and the decline of tunas and their relatives. (in 
preparation for publicacion). 
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Introduction 
Fishing has been identified as the primary threat in marine ecosystems, leading to 
population declines, overexploitation and local and global extinctions of marine species 
(Reynolds et al. 2005, Sala and Knowlton 2006, Jackson 2008, McClenachan et al. 2012). 
Over the last century, industrial fisheries have sequentially expanded from coastal areas 
to the high seas and now fisheries cover the majority of the world’s oceans (Swartz et al. 
2010). Concomitantly, the intensity of fishing effort has also increased for all the countries 
by an average of 10-fold since the 1950s (Watson et al. 2012). Despite the expansion and 
increase in fishing effort in the last two decades, the global catch of marine fish species 
started to stagnate in the mid-1980s and since then has been slowly declining, indicating 
that a limit in the world’s fish catches has been reached (Pauly et al. 2005, Chassot et al. 
2010). While there is a good understanding of how fishing effort and intensity has 
expanded and where it concentrates now in the world’s oceans (Watson et al. 2012), the 
biological status for the immense majority of marine fish species that are impacted directly 
or indirectly by fisheries are not known (Worm et al. 2009, Costello et al. 2012, Ricard et 
al. 2012). Globally there are more than 15,000 marine fish species; however landing data 
are only available for 925 species (Sea Around Us database) and the number of species 
formally assessed with stock assessments is even lower (295 fish populations of 147 
species are available in the RAM Legacy Stock Assessment Database). Therefore, less 
than 1% of the fish species are properly assessed, largely because assessments are data 
intensive and costly (Dulvy et al. 2004, Costello et al. 2012, Pardo et al. 2012). Currently, 
it is not known how many species are potentially overexploited and ultimately threatened 
with extinction (Polidoro et al. 2008). Therefore, understanding what species might be 
most at risk and the development of methods to identify a priori what species are most 
vulnerable to fishing exploitation can be very useful for guiding the management and 
planning effective conservation strategies (Cheung et al. 2005, Reynolds et al. 2005, 
Pinsky et al. 2011). However, understanding what species might be most vulnerable to 
fishing exploitation remains a pressing challenge. 
One way to approach this challenge has been to identify which intrinsic biological 
characteristics of the species make them more sensitive to known threats such as fishing 
or habitat destruction (Jennings et al. 1998, Dulvy et al. 2004, Reynolds et al. 2005, Pardo 
et al. 2012). The vulnerability of a species is a combination of its degree of exposure to 
extrinsic threats, such as fishing, and its intrinsic sensitivity to the threatening process 
(Dulvy et al. 2004, Reynolds et al. 2005, Patrick et al. 2010). The sensitivity of a species to 
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external threats is determined by its intrinsic characteristics, such as life history, which 
underlie the productivity of the species and their capacity to cope with and recover from 
known threats (Hutchings et al. 2012b). Theoretical analysis suggest that species with life 
history strategies characterized by high rates of growth and natural mortality, early age-at-
maturity and short lifespan are generally able to sustain higher fishing mortality rates, 
while species characterized by slow growth, late maturity and long life spans are more 
sensitive to fishing and may only sustain lower rates of fishing mortality (Adams 1980, Roff 
1984). There may be a real opportunity to rank species vulnerabilities, by using intrinsic 
traits combined with a measure of possible exposure to a threatening process and this is 
the basis for ecological risk assessment frameworks (Hobday et al. 2011).  
The need to prioritize management and efforts to protect the most threatened species has 
led to numerous comparative studies of species vulnerability and extinction risk in many 
taxonomic groups, and fish are not an exception (Cardillo and Meijaard 2011). It is only 
recently that sufficient comparative population trends and life history data in fishes have 
become available to allow empirical testing (Reynolds et al. 2005). We have reviewed the 
findings of 23 empirical studies with the objective of summarizing what life history 
correlates have been identified to date as most useful in marine fishes to predict their 
vulnerability to fishing (Figure 5.1, Table 5.S1). Our review focused on examining the 
usefulness of life history correlates to determine species vulnerability, however ecological 
and behavioral correlates can also be important predictors of vulnerability to fishing 
(Reynolds and Jennings 2000, Cheung et al. 2005, Reynolds et al. 2005, Hutchings et al. 
2012a). We find that empirical testing for life history correlates has proceeded on two 
fronts: (1) linking life histories to demography and (2) linking life histories to population 
status.  
The first research front has focused on quantifying potential correlations between the 
maximum per capita population growth rate (rmax) of species, which is a standard 
measurement of population productivity, and their life history traits in order to use the 
more easily available life history information to identify species that has low rmax . Species 
with low rmax are more sensitive to external threats and might face higher risk of extinction 
(Hutchings et al. 2012b). Our literature review reveals that up to eight life history traits 
have been tested to quantify their relative importance as reliable predictors of rmax and we 
find that age-at-maturity has been consistently identified as the most reliable predictor of 
species rmax (Figure 5.1A, Table 5.S1A).   
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Figure 5.1  Empirical comparative analyses of life history correlates of 
vulnerability in fishes.  
Literature review of empirical studies that have examined the links between (A) life history 
correlates and population growth rate, and (B-D) life history correlates and population status in 
marine fishes. (A) Potential life history correlates of demography, usually measured as maximum 
per capita population growth rates (rmax ). Potential life history correlates of population status, (B) 
usually measured as IUCN threat status categories, (C) population trajectories (including declines 
and recoveries), and (D) population trajectories while controlling for exposure to fishing. Colors 
illustrate the strength of the relationship between life history traits and the metrics of demography 
and population status. Strength of support (based on p-values or AIC) is represented by the 
following colors: strong - dark green, weak - light green, and none - dark red.   
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The second research front has focused on linking the life histories of populations and 
species to their population status, usually measured as trends in population trajectories, 
threat status, extinction risk or probability of collapse while accounting for their exposure 
to fishing (Figure 5.1B-D, Table 5.S1B). Population biomass trajectories including 
declines, recoveries and collapses as well as the Red List threat status are commonly 
used as proxies to evaluate the species vulnerability to fishing exploitation. Our literature 
review reveals that maximum body size has been most frequently identified as a reliable 
life history correlate of species threat status (Figure 5.1B), of population trajectories 
including declines and recoveries (Figure 5.1C) and these findings hold true especially 
when analyses control for the different exposure of the species and populations to fishing 
(Figure 5.1D, Table 5.S1B). While the other eight life history traits have also been tested 
as predictors of species vulnerability, surprisingly we find mixed evidence for their 
usefulness. Moreover, this review underscores that fecundity has never been identified as 
a useful life history correlate of vulnerability in marine fishes (specifically marine teleosts, 
Figure 5.1, Table 5.S1). This confirms that the production of large number of eggs does 
not protect teleost fishes from extinction risk (Jennings et al. 1998, Jennings et al. 1999c, 
Denney et al. 2002, Reynolds et al. 2005, Hutchings et al. 2012b). Understanding the 
interactions between fishing and the intrinsic biological characteristics among related 
species, and which biological characteristics make species more vulnerable is critical to 
predict how species respond to exploitation and identify what species are more at risk 
(Jennings et al. 1999a, Jennings et al. 1999b). Thus, these studies provide the 
quantitative basis to develop tools for predicting species responses to fishing, their threat 
status and probability of extinction in data-poor situations (Jennings et al. 1998, Anderson 
et al. 2011, Pardo et al. 2012). 
While there is broadening support for the idea that life histories and demography relate to 
measures of vulnerability including, threat status, extinction risk, population trends 
including declines and recoveries, and population collapses, we find that the efficacy of 
different traits to predict vulnerability varies greatly among empirical studies (Figure 5.1), 
and may limit their general applicability as predictors (Anderson et al. 2011). 
Consequently, comparative analysis of vulnerability in fishes and other vertebrate groups 
are failing in transmitting a clear message into conservation practice by conveying 
inconsistent results with a large amount of uncertainty (Cardillo and Meijaard 2011). 
Several reasons have been proposed that might be causing these inconsistencies 
confounding the role of life histories in comparative analyses of vulnerability: (1) the 
aggregation of large datasets from diverse taxonomic groups where the type and 
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magnitude of threats are different; (2) the use of different methodologies to identify life 
history correlates of vulnerability and to control for the effects of threats such as fishing; 
(3) the different spatial scale of analyses that might vary from regional to global scales; 
and (4) the reduced number of life history and ecological traits tested in the analyses, 
which are chosen mainly by its easy availability rather than their known a priori biological 
relevance (Sadovy 2001, Reynolds 2003, Anderson et al. 2011, Cardillo and Meijaard 
2011). Moreover, several recommendations have also been put forward in order to 
advance this field further, and transform the outcomes of comparative analysis into more 
conservation practice. Comparative studies should distinguish between the form of 
vulnerability (e.g. population declines, reduction in range size, or probability of extinction) 
and their causes (e.g. overfishing, habitat destruction, pollution) when pooling diverse data 
sets (Reynolds 2003). Comparative studies should be also developed focusing on testing 
a priori hypotheses and attempt to include a range of life history, ecological and behavioral 
traits chosen based on biological relevance. Finally, it has also been suggested that by 
concentrating on smaller taxonomic groups of species, it might help in focusing outcomes 
and testing of a priori hypotheses (Sadovy 2001, Cardillo and Meijaard 2011).  
In this study we focus on the taxonomic group of scombrids with the aim of investigating 
the role of life histories in determining their responses to fishing and identify those species 
and population most vulnerable to fishing. Scombrids, commonly known as tunas, Spanish 
mackerels, bonitos and mackerels (Family Scombridae), sustain some of the most 
important fisheries in the world (Majkowski 2007, Collette et al. 2011). Their economic 
importance has led to a relatively large number of biological studies and fisheries 
assessments, providing one of the longest, large-scale fisheries data sets for testing the 
role of life histories in predicting species responses to fishing while accounting for their 
exposure to fishing mortality rates. A recent study has provided the most accurate picture 
of the global biomass trajectories of scombrid assessed populations within the last half 
century and summarized their current exploitation status (Juan-Jordá et al. 2011). 
Moreover, the life history patterns in scombrid species and how traits covary within this 
family have also been evaluated recently (Juan-Jordá et al. 2012); this study reveals the 
life history variation in scombrid species can be explained at least along two axes or 
dimensions. Maximum body size, together with other size-related traits such as length-at-
maturity, maximum weight or fecundity at length of maturity governs the first trait axis of 
life history variation, ranking species along a small-large continuum. Time-related traits 
such as longevity, age-at-maturity and growth rate underlie the second trait axis, ranking 
species along a slow-fast continuum of life histories. This second axis separates species 
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which are longer lived and have slower growth rates given their maximum size, from 
species with are shorter lived and have faster growth rates given their maximum body 
size. Fecundity-related traits such as fecundity at length of maturity and the rate of change 
of fecundity with size underlies the third trait axis, describing the schedule of reproductive 
allocation in fishes (Rochet et al. 2000, Juan-Jordá et al. 2012). The first two axes of life 
history variation are well supported in fishes as well other vertebrate groups such as birds, 
reptiles and mammals (Gaillard et al. 1989, Saether et al. 2002, Bielby et al. 2007), while 
a further third axis of life history variation is less well supported and its interpretation 
varies among groups (Rochet et al. 2000, Dobson 2007). 
Using the population and life history data sets provided in these two recent studies (Juan-
Jordá et al. 2011, Juan-Jordá et al. 2012), we examine here the role of life histories and 
fishing exploitation in determining the population trajectories and current exploitation 
status of scombrids. We investigated whether differences between population long-term 
trends and current status can be explained by differences in life histories and fishing 
mortality rates. Ultimately, we aim to identify those species and population of scombrids 
most vulnerable to fishing and what life history correlates are best predictors of 
populations’ responses to fishing. 
Based on existing knowledge, we developed and tested the following three a priori 
hypotheses (Table 5.1). First, we test whether the fishing mortality rates experienced by 
scombrid populations within their exploitation period is the main factor determining their 
rate and extent of decline in adult biomass and their current exploitation status. Then, we 
examine whether the fishing mortality rates in combination with the life histories of 
scombrids determine their population decline and their current exploitation status. 
Specifically, we test whether the small-large life history trait axis of scombrids determine 
their rate and extent of decline and current exploitation status, after accounting for the 
different fishing mortality rates experienced by populations. Third, we tested whether the 
slow-fast trait axis determine their rate and extent of decline and current exploitation 
status, after accounting for the different fishing mortality rates experienced by populations. 
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Table 5.1 Suite of biological relevant models developed a priori to examine the 
role of life histories and fishing in determining the population 
trajectories and current exploitation status of scombrids. 
 
Hypothesis: 
The relative fishing mortality rate experienced by scombrid populations within their exploitation 
period is the main factor determining their trajectories in adult biomass (measured as rates of 
decline and extent of decline) and their current exploitation status (whether they are overfished 
or not). 
Hypothesis 1: Populations that have experienced greater relative fishing mortality rates 
(Faverage/FMSY), on average, within their periods of exploitation have suffered faster (rate of 
change) and larger population declines (extent of decline) in adult biomass and have a higher 
probability of being overfished. 
Model 1: Vulnerability metric ~ relative fishing mortality (Faverage/FMSY) 
The relative fishing mortality rates experienced by scombrid populations within their 
exploitation period in combination with their life histories determines their trajectories in adult 
biomass (measured as rates of decline and extent of decline) and their current exploitation 
status. 
Hypothesis 2 : After accounting for the different relative fishing mortality rates experienced by 
populations, populations with larger maximum body sizes (using maximum body size as a 
proxy to described the first axis –the small-large axis- of life history variation in scombrid 
species) have experienced faster (rate of change) and larger population declines (extent of 
decline) and have a higher probability of being overfished. 
Model 2: Vulnerability metric ~ relative fishing mortality (Faverage/FMSY) + maximum body size 
(Lmax) 
Hypothesis 3 : After accounting for the different relative fishing mortality rates experienced by 
populations, populations with slower growth rates (using growth rate as a proxy to described 
the second axis –the slow-fast axis- of life history variation in scombrid species) have 
experienced faster (rate of change) and larger population declines (extent of decline) and have 
a higher probability of being overfished. 
Model 3: Vulnerability metric ~ relative fishing mortality (Faverage/FMSY) + growth rate (k) 
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Methods 
Data 
Population decline data and metrics of vulnerability 
We extracted time series of adult biomass, fishing mortality rates and standard fisheries 
reference points, Bcurrent/BMSY and Fcurrent/FMSY, for 26 populations of 11 species of 
scombrids from age-structured stock assessments (Juan-Jordá et al. 2011). See Juan-
Jordá et al 2011 for a detailed description of the stock assessment data set. The 
populations included 17 principal market tunas (7 species), five mackerels (2 species), 
and four Spanish mackerels (2 species) (Table 5.2, Table 5.S2, Figure 5.S1).  
We used three metrics as proxies to evaluate the intrinsic sensitivity of scombrid 
populations to fishing exploitation. Two metrics described the population trajectories of 
scombrids: (1) the average annual rate of change in adult biomass (Figure 5.S2A); (2) the 
total extent of change in adult biomass (Figure 5.S2B); and one metric described their 
current exploitation status: (3) whether a population is currently overfished or not, 
designated by the fisheries reference point, Bcurrent/BMSY (Figure 5.S2). Bcurrent/BMSY is the 
ratio of the current adult biomass relative to the adult biomass that would provide the 
maximum sustainable yield (MSY).  
To calculate the first metric, the average annual rate of change in adult biomass, we first 
converted the raw time series of adult biomass of each population to annual rates of 
change (ri), ri = ln(AB i+1/ABi), where ABi is the adult biomass in year i. Most of the time 
series of adult biomass showed non-linearity and temporal autocorrelation, and 
differencing or taking the ratios in log-space is a common method of removing temporal 
autocorrelation from a time series (Shumway and Stoffer 2006a). We then estimated the 
average of the annual rates of change in adult biomass across all the years for each 
population using a generalized least-squares model of the form ri = bo + ei.  ri is the 
dependent variable, interpreted as the annual (i) rate of change in adult biomass; bo, the 
intercept, is interpreted as the average annual rate of change in adult biomass across all 
the years; and ei is the residual error. We used maximum likelihood to fit all the 
generalized least-squares models, and we examined the residuals of all model fits and   
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Table 5.2 List of scombrid populations including their type of climate. 
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further corrected for temporal autocorrelation with AR1 and AR2 processes when 
necessary (Figure 5.S2A). In order to calculate the second metric, the total extent of 
change in adult biomass over the entire time period of exploitation for each population, we 
estimated as follows: (1 -exp(bo·n))·100, where bo is the model estimated average annual 
rate of change for each individual population and n is the length of the time series of each 
individual population (Figure 5.S2B). Finally, for the third metric we simply used the 
fisheries reference point, Bcurrent/BMSY, to describes whether a population is currently 
overfished (B/BMSY <1) or not overfished (B/BMSY >1) (Figure 5.S2). 
The majority of scombrid populations have experienced declines in biomass in the last half 
century (Figure 5.S1).  In this study, we aim to identify useful life history correlates of 
population declines, and therefore, we excluded from the statistical analyses the four 
populations of Spanish mackerels. These four populations were severely overfished in the 
1970s and 1980s and, after a successful recovery plan, their biomasses have increased to 
healthy levels and now they are considered fully rebuilt.  
Life history data 
We collated information on life history traits from the scombrid life history data set 
compiled and described by Juan-Jordá et al. (2013). We extracted the following life-history 
traits for the 26 populations of scombrids: maximum body size (Lmax, cm), length and age-
at-maturity (Lm, cm and Tm, years), longevity (Tmax, years), growth rates described with the 
von Bertalanffy growth coefficient k (1/year), batch fecundity (absolute and relative 
fecundity) and spawning interval (Spwint, days) and duration (Spwseason, months). In order 
to describe fecundity in scombrids, which spawn repeatedly over the spawning season, 
we used three measures: (1) the average absolute batch fecundity (Fabs); (2) the exponent 
b of the batch fecundity–length relationship (Fecundity = a · Lengthb), which describes the 
increase of fecundity with size (Fslope); and (3) the relative batch fecundity (Frel, number of 
oocytes per gram), which describe reproductive effort. 
For each life history trait, we calculated a population level estimate (Table 5.S3). We 
selected and aggregated the life history information from multiple life history studies based 
on the following rules: (1) we chose the maximum value across all the studies for those 
traits at the extreme of the life cycle (maximum length and empirical longevity); (2) we 
calculated a sample-size weighted average across studies for those reproductive traits 
within the lifecycle (maturity, fecundity and spawning interval); and (3) for the von 
Bertalanffy growth coefficient k we calculated a simple arithmetic mean (giving equal 
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weight to all the studies), as this parameter is more difficult to combine across studies, 
due to the differing methodologies used to estimate age and growth. We preferentially 
used the female estimates whenever the traits were reported separately for sexes.  
Fishing mortality data 
We extracted time series of fishing mortality from the age-structured stock assessments to 
control in our analysis for the different fishing mortality rates experienced by each 
population over their history of exploitation. For each population, we calculated the 
average fishing mortality across all ages and years and divided it by the fishing mortality 
predicted to produce maximum sustainable yield (FMSY), which we refer to as relative 
fishing mortality rate (Faverage/FMSY, Figure 5.S3). The standard fishing reference points 
(Bcurrent/BMSY, Fcurrent/FMSY) or the fishing mortality predicted to produce maximum 
sustainable yield (FMSY) were not available for three populations of scombrids, Pacific 
bluefin tuna (Thunnus orientalis), North Pacific albacore tuna (T. alalunga) and Japanese 
chub mackerel (Scomber japonicus) (Table 5.S2). Therefore we could not include these 
populations in the statistical analyses. 
Statistical analyses 
Bivariate relationships and correlation analyses 
We used bivariate plots and Pearson’s correlation coefficients (r) to conduct exploratory 
analyses of our three measures of vulnerability against each of the predictor variables (the 
life history traits and the relative fishing mortality rates). We also examined the correlation 
between several life history traits and several fishery reference points. 
Constructing a priori hypotheses and models 
The life history trait variation in scombrid species can be mainly explained along three 
axes or dimensions (size, speed, and reproductive schedule) (Juan-Jordá et al. 2012). 
Using this existing knowledge, we constructed a plausible set of a priori biologically 
relevant hypotheses and models (Table 5.1), with the aim of examining the role of life 
histories and fishing as reliable predictors of three measures of vulnerability describing 
population declines and the current exploitation status in scombrids. These hypotheses 
focused on testing for the importance of the first two axes of life history variation in 
scombrids in determining their declines and current status. The first axis of life history 
variation, governed by size-related traits, ranks species along a small-large body size 
continuum of life histories, and the second axis, governed by time-related traits, ranks 
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species along a slow-fast continuum of life histories. These two axes have been well 
identified in other taxonomic groups (e.g. birds, mammals) and they support the current 
paradigm surrounding the evolution of life histories in all organisms (Dobson 2007). We 
could not test whether the reproductive allocation of species, describing the third axis of 
life history variation in scombrids, might be an important life history correlate of 
vulnerability, because fecundity traits and specifically fecundity-length relationships were 
lacking for the majority of scombrid populations and species (Table 5.S3). Although our 
analysis only includes 26 populations of 11 species of scombrids (out of 51 species in the 
family Scombridae), in this small set of population and species there is enough life history 
variation, and we find the two first axes of life history variation (small-large trait axis and 
slow-fast trait axis) are present (see section 2.2.3). 
We grouped the life history traits into small-large and slow-fast sets: (1) small-large traits 
[maximum size (Lmax), length-at-maturity (Lm), absolute average batch fecundity (Fabs) and 
relative batch fecundity (Frel)], and (2) slow-fast traits [longevity (Tmax), age-at-maturity 
(Tm), growth rate (k)]. Within each set of variables, the traits were highly correlated and we 
could use any of them alone to describe the first and second axis of life history variation. 
We tested whether the traits were biologically exchangeable within each set of traits and 
find that our results were robust when using any of the traits in each set (see results 
section). Therefore, we used maximum body size as a proxy to described the first small-
large life history trait axis, and used growth rate to describe the second slow-fast life 
history trait axis, which form the basis of our hypotheses (Table 5.1). We did not test for 
any of the fecundity related traits in the analyses given that empirical analyses have 
shown numerous times that fecundity is not a biological predictor of vulnerability and 
extinction risk in teleost fishes (Figure 5.1, Table 5.S1). We also did not include spawning 
duration in our analyses because it has never been identified as a potential predictor of 
vulnerability, and in scombrids, this trait is spatially highly variable since most tuna species 
spawn in waters where the surface temperature are greater than 25oC (Schaefer 2001).  
To test our hypotheses we fitted generalized linear models to 19 populations of scombrids. 
The first two metrics, the average annual rate of decline and extent of decline in adult 
biomass, are two continuous variables, therefore we fitted linear regression with normally 
distributed errors, including life history traits and relative fishing mortality as predictor 
variables. The linear model can be expressed as: Yi = Bo + B1 X 1,i + … +Bk X k,1 , where Yi, 
the response variable, is either of the metrics of vulnerability for a given population i , Bo is 
the intercept, and B1 through Bk are the coefficients of the predictor variables X 1,i through 
X k,1. For the third metric, we coded the current exploitation status, whether the population 
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is overfished or not, as a binomial response variable and fitted a logistic regression to the 
data, including the life history traits and relative fishing mortality as predictor variables, 
assigning a binomial error distribution and a logit link function. The binomial model can be 
expressed as: logit(pi)=log(pi/1-pi)=Bo + B1 X 1,i + … +Bk X k,1, where pi is the estimated 
probability of being overfished for a given population i, Bo is the intercept, and B1 through 
Bk are the coefficients of the predictor variables X 1,i through X k,1.   
We used an information-theoretic approach with Akaike’s Information Criterion corrected 
for small sample sizes (AICc) to evaluate all the candidate models and assign them 
relative strengths of evidence (Burnham and Anderson 2002). Given a set of carefully 
constructed a priori candidate models (hypotheses), information theoretic methods provide 
a quantitative assessment of the “strength of evidence” in the data regarding the 
plausibility of each model relative to the entire set of models (Burnham and Anderson 
2002, Anderson 2008). We determined the maximized log-likelihood for each candidate 
model (i) and calculated the values for AICc, ΔAICc (ΔAICc =AICci - min AICc, where AICci 
is the AICc for model i, and min AICc is the smallest AICc value in the set of models), and 
the Akaike weight (wi). The Akaike weights expresses the relative support of candidate 
models relative to the model set, with the weight of any particular model varying from 0 
(no support) to 1 (complete support) (Burnham and Anderson 2002). We selected the best 
models (with largest Akaike weights) and calculated the standard error and the 95% 
confidence intervals for each covariate to assess the effect size, and those variables 
whose confidence intervals excluded zero were deemed to have a strong effect on the 
predictor variables (Mazerolle 2006). 
We examined model diagnostics for heteroscedasticity, normality and independence of 
residuals (Zuur et al. 2009). Due to issues of non-normality and non-constancy of variance 
(observed within the residual analysis), all the models were linearized by taking the natural 
logarithms of the response variables and all the predictor variables including the life 
history traits and relative fishing mortality. All data management, analyses and figures 
were done using the R statistical software v.2.14.2 (R Development Core Team 2012), 
including the R packages “MuMIn” (Bartón 2009) and “ggplot2” (Wickham 2009). 
Double-checking the foundations of our a priori hypotheses -principal component 
analysis of life history traits 
We used principal component analysis to examine the trait co-variation among the 26 
populations of scombrids and assess whether at least the first two axes of life history 
variation identified in Juan-Jordá et al. 2012 are present in this subset of 26 populations 
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and 11 species of scombrids, which forms the basis of the hypotheses in this study. In 
order to maximize the number of populations included in the analyses, we filled the 
missing life history information following these criteria: first, we combined all available 
studies in the scombrid life history dataset (Juan-Jordá et al. 2012) and calculated a 
species average for each life history trait (this combined information from all populations 
within each species distribution); and (2) we substituted the population’s missing traits 
using the species average value of each trait (Table 5.S3). Notice that after all the 
substitutions, some life history traits were still missing in those populations for which life 
history data was not even available at the species level. Given that some life history traits 
are missing in some scombrid populations, we conducted two principal component 
analyses (Figure 5.S4, Table 5.S4). The first principal component analysis attempted to 
maximize the number of life history traits, at the cost of including smaller number of 
populations (8 traits, and 22 populations), and the second principal component analysis 
attempted to maximize the number of populations at the cost of including a smaller 
number of life history traits (26 populations and 4 life history traits).  
Both principal component analyses confirmed the existence of the first two main axes of 
life history variation in scombrids. As expected, the first axis was driven by length-related 
traits raking species along a size continuum and the second axis was driven by time-
related traits raking species along a slow-fast continuum (Figure 5.S4 and Table 5.S4). 
The first axis differentiates between populations with large body size, late maturing, 
having high absolute fecundities that are also relatively long-lived and slow growing 
against those species with the opposite suite of traits. The second axis ordinates 
populations along a slow-fast continuum differentiating populations which are longer lived 
and have slower growth rates given their maximum size, from populations which are 
shorter lived and have faster growth rates given their maximum body size. The first axis 
explained 76% of the variation and the first and second axes together explained 90% of 
the life history variation. We could not interpret the third principal component, which we 
expected to describe the reproduction allocation of species, in part because, the trait 
describing the increase of fecundity with size (the exponent b of the fecundity–length 
relationship was not available for the majority of scombrid population) and the small 
amount of remaining variation to explain. 
Finally, we carried out an additional complementary analysis and tested for the usefulness 
of the principal component one (PC1) and two (PC2) derived from the PCA analysis, as 
predictors of scombrids population trajectories and current exploitation status. We used 
the population scores of the first and second principal components (PC1 and PC2, 
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respectively) extracted from the principal component analysis (Figure 5.S4B and Table 
5.S4B) and included them as predictor variables in the generalized linear models. PC1 
summarizes all the size-related traits (Lmax and Lm) into one variable, ranking populations 
along the small-large continuum of life histories. Populations with a larger-maximum body, 
and large size at maturation have positive and higher scores than populations with 
smaller-maximum body sizes and smaller size at maturation. While the PC2 reduces the 
time-related traits (Tmax and k) into one variable, ranking populations along the slow-fast 
continuum of life histories (Figure 5.S4B and Table 5.4SB). Longer-lived and slower 
growing species given their maximum body size, have positive and higher scores along 
PC2 than shorter-lived and faster-growing populations given their maximum body size. 
Yet, we find advantageous to use the trait maximum size as a proxy for PC1 and the trait 
growth rate as a proxy of PC2 in our main analyses, instead of using just the PC1 and 
PC2 population scores, as they can be easily interpreted and can be easily used to 
identify and rank species according to their sensitivities to fishing exploitation.  
Results 
Bivariate relationships among the three measures of vulnerability, life 
history traits and fishing mortality  
Scombrid populations with slower growth rates, greater longevities and later age-at-
maturity appear to have declined in adult biomass more rapidly (measured by the annual 
rate of declines) and to a greater extent (measured by total extent of declines) (Figure 5.2 
G,H,J,K,M,N). We find that growth rate, longevity and age-at-maturity are moderately 
correlated with the rate and extent of decline in adult biomass in scombrid populations 
(absolute value of the Pearson’s correlation coefficient [r] ranging from 0.41 to 0.55). 
Maximum body size and length-at-maturity are uncorrelated and are poor predictors of the 
rate and extent of decline in adult biomass in scombrid populations (Figure 5.2A,B,D,E, 
absolute value of r ranging from =0.05-0.25). Moreover, scombrid populations that are 
currently overfished tend to be longer-lived, mature later and have slower growth rates 
than populations that are not currently overfished (Figure 5.2I,L,O). While there are not 
clear patterns between the exploitation status of the populations and their maximum body 
size and length-at-maturity (Figure 5.2C,F). Moreover, we also find that scombrid 
populations that are overfished tend to have been exposed to higher relative fishing 
mortality rates, on average, during their period of exploitation than populations that are not 
currently overfished (Figure2R). The relative fishing mortality rate in scombrid populations 
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is weakly positively correlated with rate and extent of decline in biomass (r=0.28-0.35), 
such that populations that have been exposed to higher relative fishing mortality rates, on 
average, have tended to decline in adult biomass faster and to a greater extent (Figure 
5.2P-Q).  
Bivariate relationships between life history traits and fishing mortality 
ratess  
Fisheries have not disproportionally targeted scombrids populations with specific life 
history traits such as the large and the slowest scombrid populations (Figure 5.3A-B). The 
relative fishing mortality rate (Faverage/FMSY ) is weakly correlated with growth rate (r=-0.29, 
Figure, 3B) and uncorrelated with maximum body size (r=0.11, Figure3A). Instead, we find 
scombrid species irrespective of their maximum body size and growth rates have been 
exposed to a range of average relative fishing mortality rates values within their period of 
exploitation, which allow us to test our a priori hypotheses. Is it just fishing mortality 
determining the rate and extent of decline and current exploitation of scombrid 
populations? Or is it life histories in combination with fishing rates determining their rate 
and extent of decline and their current exploitation status? And what aspects of their life 
histories are most useful to predict their trajectories and current status? When examining 
the role of life histories in determining population trajectories and status, it is critical we 
control for the different fishing mortality rates experienced by each population; and we 
controlled for it using the metric of relative fishing mortality (Faverage/FMSY), instead of just 
the average fishing mortality rates (Faverage). This is because the fishing mortality rates a 
species can cope with and therefore their FMSY (the fishing mortality rate that will result in a 
population size of BMSY) is determined by their life histories.  We find that FMSY is highly 
correlated with the time-related trait of growth rate (r=0.71, Figure 5.3D) and moderately 
correlated with the length-related trait of maximum body size (r=-0.53, Figure 5.3C). 
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Figure 5.2 Relationships between three measures of vulnerability (columns) and 
each of the predictor variables (rows) in scombrid populations.  
The three measures of vulnerability are: average annual rate of decline in adult biomass over time 
(% decline per year), total extent of decline in adult biomass within the whole period of exploitation 
(total % decline), and current exploitation status of the populations (whether the populations are 
overfished [B/BMSY <1] or not [B/BMSY >1]). The predictor variables include five life history traits and 
the relative fishing mortality rate. Pearson’s correlation coefficients (r) and lowess smooth lines with 
95% confidence intervals are shown to highlight the main patterns. 
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Figure 5.3  Relationships between life history traits and relative fishing mortality 
rates (Faverage/FMSY) and FMSY in scombrid populations.  
(A-B)  Correlations between maximum size and somatic growth rate and the fishing mortality 
predicted to supply maximum sustainable yield (FMSY). (C-D) Correlations between maximum body 
size and somatic growth rate and the relative fishing mortality (Faverage/FMSY), which is calculated as 
the ratio between the average fishing mortality rate experienced by each population within their 
period of exploitation and the fishing mortality predicted to provide the maximum sustainable yield. 
Pearson’s correlation coefficients (r) and lowess smooth lines with 95% confidence intervals are 
shown to highlight the main patterns. 
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Figure 5.4 Vulnerability to fishing depends on somatic growth rates for 19 
scombrid populations.  
(A) Predicted average annual rates of decline in adult biomass with separate lines set for two 
values of growth rates corresponding to the first (blue line, slow growth k=0.16) and third (red line, 
fast growth k=3.4) quartile values. (B) Predicted total extent of decline in adult biomass with 
separate lines set for two values of growth rates corresponding to the first (blue line) and third (red 
line) quartile values, k=0.16 and k=3.4, respectively. (C) Predicted probability of being overfished 
(B/BMSY<1). Panels show regression lines and 95% confidence intervals derived from (A-B) linear 
models and (C) logistic regression models. Table S5 summarizes the statistical detail from each of 
the single predictor generalized linear models. Predictions with 95% confidence values correspond 
to the best models (the models with the largest Akaike weights, see Table 5.4). Population codes 
are found in Table 5.2.  
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Testing our a priori hypotheses 
There is broad agreement between the three different measures of vulnerability and the 
predictive life history correlates, once the relative fishing mortality experienced by the 
populations is controlled for (Table 5.3). The combination of life histories and relative 
fishing pressure best explained the rate and extent of declines in adult biomass and the 
current exploitation status of scombrid populations. The pace of life (growth) was a better 
predictor of decline and current exploitation status than the large-small life history 
dimension (maximum body size). We found greatest support for the models (largest 
Akaike weights, wi, and lowest AICc) including growth rate and the relative fishing mortality 
rate as predictor variables given the set of candidate models (wi ranging from 0.56 to 0.75, 
Table 5.3A-C). There was weaker support (wi =0.19-0.29) for the models which only 
included the relative fishing mortality rates as predictor variable. We found weakest 
support (wi =0.05-0.13) for the models including maximum body size and the relative 
fishing mortality rate as predictor variables (Table 5.3).  
After controlling for the different fishing mortality rates experienced by each population, 
those populations with slower growth rates, rather than population with larger body size, 
are 4 times more likely to have experienced faster populations declines (evidence ratio = 
0.56/0.13), are 12 times more likely to have experienced larger extents of population 
declines (evidence ratio=0.69/0.05), and are 14.5 times more likely to be currently 
overfished (evidence ratio=0.75/0.5; Table 5.3, Figure 5.4). Indeed, we find strong 
evidence for an effect of growth rate, as the 0 is excluded from the 95% confidence 
intervals, on all three measures of vulnerability (Table 5.4). We also find evidence that, 
both growth rate and relative fishing mortality in combination, have a strong effect on the 
probability of populations being overfished as 0 was excluded from their 95% confidence 
intervals (Table 5.4).  
We also observe those scombrid populations with the slowest growth rates that have 
experienced the fastest and greatest declines in adult biomass and are currently 
overfished, are populations of temperate and subtropical scombrid species (Figure 5.4, 
Table 5.2). Populations of the temperate and subtropical species of scombrids such as 
chub mackerel (Scomber japonicus), Atlantic mackerel (Scomber scombrus), albacore 
tuna (Thunnus alalunga) and Atlantic and Southern bluefin tuna (T. thynnus and T. 
maccoyii) have suffered the fastest and greatest decline in adult biomass and have a 
higher probability of being overfished (Figure 5.4).  
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Table 5.3 Summary of the regression models sorted by AICc, evaluating the 
effects of relative fishing mortality (Faverage/FMSY) and life histories on 
three measures of vulnerability in scombrids.  
(A) The rates of decline in adult biomass, (B) the extents of decline in adult biomass and (C) 
current exploitation status (probability of being overfished) in scombrid populations. (A-B) Linear 
regression with normally distributed errors and (C) logistic regression with binomial distributed 
errors. AICc, Akaike’s information criterion with a correction for small sample sizes; df, number of 
parameters; l (θ), the value of the maximizes log-likelihood function; ΔAICc =AICci - min AIC, where 
AICci is the AICc for model i, and min AICc is the smallest AICc value in the set of models; wi , the 
Akaike weights, expresses the relative likelihoods of candidate models, with the weigh of any 
particular model varying from 0 (no support) to 1 (complete support) relative to the entire model set; 
R2, coefficient of determination. 
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Table 5.4 Vulnerability to fishing depends on somatic growth rates for 19 
scombrid populations.  
Panels show selected best models (models with the largest Akaike weights from Table 3) for each 
measure of vulnerability. (A) The rates of decline in adult biomass, (B) the extents of decline in 
adult biomass and (C) current exploitation status (probability of being overfished) in scombrid 
populations. (A-B) Linear regression with normally distributed errors and (C) logistic regression with 
binomial distributed errors. The summary of the models includes the estimated coefficients, 
standard errors (SE) and the 95% confidence intervals (CI) for each covariate. (*)Parameter 
deemed significant as confidence interval excludes 0.
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Our results were robust to the choice of the variable used as a proxy for the small-large 
and slow-fast life history dimensions (Table 5.S5). The analyses revealed the greatest 
support for the models including time-related traits (growth rate, longevity and age-at-
maturity) and showed the weakest support for the models including the length-related 
traits (maximum size and length-at-maturity) (Table 5.S5). Moreover, among the time-
related traits growth rate tended to be the most consistently important predictor of the rate 
of decline in adult biomass and probability of being overfished. In the case of extent of 
decline, the strength of support for those models including either longevity or growth rate 
as predictors of extent of decline was very similar, suggesting these traits are highly 
biologically exchangeable.  
Finally, our results were also robust to our choice of using the first two principal 
components -PC1 and PC2 (which describe the first two axis of life history variation in 
scombrids) as predictor variables of our three metrics of vulnerability (Table 5.S6). Our 
analyses revealed the greatest support for the models including both, PC2 and relative 
fishing mortality, as the predictor variables. The predictor variable PC2, which ranks 
scombrid species along the slow-fast continuum of life histories, was the most important 
predictor of rate of decline and exploitation status (and to lesser extent a predictor of 
extent of decline) once relative fishing mortality has been controlled for, suggesting that 
longer-lived, slower growing and late maturing species given their maximum body size 
have decreased faster in adult biomass and have a higher probability of being overfished.  
Consequently, our analysis revealed higher support for the hypothesis than after 
accounting for the different relative fishing mortality rates experienced by populations, 
scombrid populations at the slow-side of the slow-fast continuum of life histories, those 
longer-lived, late maturing and with slower growth rates given their maximum body size, 
have experienced faster and larger population declines and have a higher probability of 
being overfished (Figure 5.4).  
Discussion 
The combination of life histories and relative fishing pressure best explained the rate and 
extent of declines in adult biomass and the current exploitation status of scombrid 
populations. After controlling for the different fishing mortality rates experienced by each 
population, those populations with a slower pace of life (slower growth rates and longer-
lived), rather than populations with larger body size, are more likely to have experienced 
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faster and larger populations declines and have a higher probability of being overfished. 
Among all scombrid species, we find that populations of temperate and subtropical 
species, such as chub mackerel (Scomber japonicus), Atlantic mackerel (S. scombrus), 
albacore tuna (Thunnus alalunga) and Atlantic and Southern bluefin tuna (T. thynnus and 
T. maccoyii), which have the slowest growth rates and greatest longevities, have suffered 
the fastest and greatest declines in adult biomass and have a higher probability of being 
overfished even after fishing pressure has been controlled for. Whereas the majority of 
tropical populations of scombrid species, such as skipjack tuna (Katsuwonus pelamis), 
yellowfin tuna (T. albacares) and bigeye tuna (T. obesus), which are among the fastest 
growers and shortest-lived species of scombrids, have suffered the slowest, and less 
severe population declines in adult biomass, and have a lower probability of being 
overfished. Therefore, this study suggests scombrids species with slow life histories, 
which are mostly found in temperate climates, appear to be the most sensitive to fishing 
exploitation. Our findings concur with a simulation study that modeled the responses of 
two tuna species with contrasting life histories, the tropical skipjack tuna (Katsuwonus 
pelamis) and temperate Atlantic bluefin tuna (Thunnus thynnus), to different levels of 
exploitation (Fromentin and Fonteneau 2001). This study revealed that given the same 
levels of fishing mortality (starting at the age of 1), the adult biomass of Atlantic bluefin 
tuna decreased faster and to a larger extent in the same period of time than in skipjack 
tuna, concluding that Atlantic bluefin tuna is more vulnerable to recruitment overfishing 
and collapse, and less productive than skipjack tuna. Moreover, our analyses also suggest 
that we could use the time-related life history traits of growth and longevity, rather than 
maximum body size, as best surrogates of vulnerability to fishing. Yet, maximum body has 
been identified more often as the best surrogate of vulnerability in marine fishes 
suggesting that it might be sufficient to predict what species are more vulnerable to fishing 
exploitation (Figure 5.1). Next, we first discuss why a successful precautionary 
management of scombrid species may require better consideration of their life history 
strategies. Second, we discuss why large body size might be most frequently identified as 
the best predictor of vulnerability to fishing exploitation in marine fish vulnerability, and its 
implications to guide management in data poor situations. Finally, we highlight some of 
the caveats and limitations in our study and suggest future directions. 
The life history strategies of temperate scombrids differ from their tropical counterparts in 
many aspects, which ultimately have consequences on how tropical and temperate 
scombrid species should be managed.  Perhaps this may be generalized for all tropical 
and temperate fish species (Ursin 1984, Longhurst 1998a). Because of the higher 
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temperatures found in lower latitudes, tropical fish species tend to have higher metabolic 
rates, growth rates and consumption rates, requiring a higher oxygen supply (which is 
limited by the surface area of their gills). Other things being equal, tropical species will 
tend to reach the size where oxygen is limiting faster, therefore attaining smaller maximum 
body sizes and shorter live spans (Pauly 2010).  Tropical scombrids such as skipjack tuna 
(Kastuwonus pelamis) and yellowfin tuna (Thunnus albacares), and Indian mackerels 
(Rastrelliger spp.) have fast life histories, having faster growth rates and shorter life spans 
given their maximum size (Juan-Jordá et al. 2012). The tropical yellowfin tuna (Thunnus 
albacares) which have a relatively large size for being a tropical species have evolved 
disproportionally large gills surface areas relative to its body weight allowing high rates of 
the oxygen acquisition to maintain its high rates of growth performance resulting in a 
larger maximum body size (Wegner et al. 2010), yet their life span is relatively short given 
their maximum body size, reflecting a fast life history strategy.  On the other hand, species 
in colder water environments have lower metabolic rates, having a lower oxygen demand. 
Therefore, fish need less oxygen for maintenance, thus, devoting more oxygen for growth 
resulting in larger maximum sizes, which comes with reaching longer life spans (Pauly 
2010). An example of temperate scombrids are the bluefin tuna species (T. thunnus, T. 
orientalis and T. maccoyii) and Atlantic mackerel (Scomber scombrus) which have slow 
growth rates and longer life spans for their maximum body size spans, reflecting a slow 
life history strategy (Juan-Jordá et al. 2012).  
The oceanographic conditions between tropical and temperate seas are also 
fundamentally different, resulting in fish reproductive strategies that are adapted to the 
environmental conditions to ensure survival of their larvae and successful years of 
recruitment (Ursin 1984, Longhurst 1998a). Tropical scombrids with fast life histories such 
as yellowfin tuna (Thunnus albacares) and skipjack tuna (Katsuwonus pelamis) have 
evolved a reproductive strategy that is well-matched for tropical environments. At lower 
latitudes, there is little seasonal variation in primary production; therefore, primary 
production and zooplankton biomass remain relatively stable through the year, resulting in 
a remarkably predictable food supply for fish larvae (Ursin 1984, Longhurst 1998a, 2002). 
Tropical scombrids have longer spawning seasons, for example yellowfin tuna (Thunnus 
albacares) and skipjack tuna (Katsuwonus pelamis) spawn uninterruptedly during the 
whole year in their core habitats (water temperature above 25o C), which result remarkably 
in constant recruitment (Schaefer 2001, Longhurst 2002). In contrast, the high seasonality 
and high intra- and inter-annual variability in ocean conditions characteristic of the 
temperate oceans, results in peaks of primary production that are highly variable in time 
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(Longhurst 1998b). This variability translates into unpredictable food supply for fish larvae, 
leading to unpredictable random good and bad recruitment years, where bad recruitment 
conditions can last for several years and even decades (Longhurst 2002, Beamish et al. 
2006). Temperate scombrid species have a shorter spawning season, increasing the 
probability of a miss-match between the production peaks of plankton and the time larvae 
starts feeding. Thus, the large longevities and well-evolved age structures characteristic of 
temperate scombrid species might become essential to endure long periods of poor 
recruitment during unfavorable environmental conditions (Longhurst 1998a, Fromentin 
and Fonteneau 2001).  
While the life history strategies of temperate and tropical scombrid species are well 
adapted to their environments, traditional fisheries management is not well suited to 
maintain and protect the naturally evolved aspects of their life histories, particularly for 
longer-lived species. The immediate effects of a fishing management strategy does not 
only results in adult biomass reductions; fisheries management usually aims to reduce 
biomass levels to the point where the biomass left provides the maximum sustainable 
yield. Fishing also truncates the age structure of populations and reduces their age 
diversity by targeting preferentially the large and older fish individuals (Berkeley et al. 
2004). There is increasing evidence that the age-structure of longer-lived species has an 
effect on the productivity and stability of populations by increasing their buffering capacity 
to sustain long periods of unsuccessful recruitment (Beamish et al. 2006, Rouyer et al. 
2011) and increasing their reproductive potential (Marshall 2009). Therefore maintaining 
natural age-structures is essential for the successful management of fish populations 
(Longhurst 2002, Berkeley et al. 2004, Brunel 2010).  In the case of scombrid species, 
globally it has been quantified that the adult biomass of 26 scombrid populations have 
been reduced, on average, by 60% in the last half century (Juan-Jordá et al. 2011) and 
there is evidence that concomitant with these decreases in biomass the natural age 
structure of some scombrid populations have also being altered by fishing (Figure 5.5). 
However, it is not known to what extent (and if any) it might be impairing their buffering 
capacity to sustain poor periods of recruitment or affecting their reproductive potential. 
The present study suggests that scombrid species with slow life histories which are 
associated with subtropical and temperate climates appear to be the most vulnerable to 
fishing and therefore, we stress the importance of taking into account their different life 
history strategies into fisheries management. The current management strategy for 
assessed scombrid populations (in tropical and temperate species) mainly focuses in 
maintaining biomass levels at or above BMSY levels and maintaining fishing mortality rates 
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at or below FMSY levels (Juan-Jordá et al. 2011). This management strategy can also be 
generalized to many of the world-assessed fisheries (Worm et al. 2009). A management 
strategy that only protects biomass in the long-lived species, when long-lived species rely 
in a diverse age structure as a natural evolved mechanism to survive long periods of poor 
recruitment, is not precautionary management. 
Previous empirical studies linking life histories with population and species trajectories 
under fishing pressure suggest maximum size is the best predictor of vulnerability in 
marine fish species. These studies show large bodied species have declined more and 
faster in abundance once fishing mortality is controlled for (Jennings et al. 1998, Jennings 
et al. 1999a, Jennings et al. 1999b). Similarly, studies linking life histories with species 
Red List threat status also show large bodied species are threatened with a relatively 
higher risk of extinction (Olden et al. 2007, Field et al. 2009). Thus, these empirical studies 
suggest that maximum size might be sufficient to predict what species and populations are 
more sensitive to fishing exploitation and instructive about the likelihood of decline under a 
scenario of fishing pressure. In contrast, our study suggests that maximum size is not 
necessarily the best predictor of scombrid population declines and exploitation status. 
Instead, time-related traits, such as longevity and growth rates, were better predictors of 
rate and extent of decline, and exploitation status in scombrid populations. How do we 
reconcile these results?  
Here we present four suggestions why maximum body size is most frequently the best 
predictor of marine fish vulnerability. First, it is the most commonly available trait and often 
the only life history trait tested (Figure 5.1B-D) (Reynolds 2003, Reynolds et al. 2005). By 
comparison, growth and longevity have been less frequently tested, presumably because 
they are harder to estimate than maximum body size (Figure 5.1B-D). Second, large 
bodied fishes tend to be preferentially targeted over the smaller species because they are 
often more economically important and valuable (Reynolds 2003, Sethi et al. 2010), and 
yet we find some studies did not control for the different fishing mortalities experienced by 
the species (Table 5.S1). This makes it difficult to disentangle the individual effect of 
fishing and life histories (Dulvy and Reynolds 2002, Olden et al. 2007, Field et al. 2009). 
Third, it is well known that maximum body size is the first element explaining the diversity 
of life histories across all organisms and it governs the first axis of life history variation 
(Dobson 2007). Given that other life history traits also scale with size such as that large 
species will tend to mature later and be longer-lived, maximum size tends to approximate 
other aspects of species life histories (e.g. length-at-maturity, longevity), their ecology    
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Figure 5.5  Trajectories of the adult mean age (in years) over time for 19 
populations of scombrids (9 species) grouped by climate (temperate, 
subtropical and tropical).  
We calculated the mean age of spawners using the matrix of abundance at age over time extracted 
from stock assessments and averaging the age of adults (spawners) weighting it by the number of 
individuals in each age class. For sources of stock assessments see Table 5.S2.  
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(e.g. trophic level) and their behavior (e.g. migrations and home range size) (Reynolds 
2003). Therefore, when life history traits other than maximum size are unavailable and 
therefore not tested in the comparative analyses, it is not surprising that maximum size is 
identified as an important predictor of vulnerability and therefore proposed to be used as a 
rule of thumb to rank vulnerability of species. After all, there are two main axes 
surrounding the evolution of life histories and size governs the first axis. When the 
influence of size on other traits is held constant, a second new axis emerges where a new 
continuum of slow and faster life histories emerges which are a reflection of the different 
life styles of species (Dobson 2007, Juan-Jordá et al. 2012). Fourth, we also observe that 
the majority of previous empirical studies identifying life history correlates of vulnerability 
in marine fishes are regional studies focusing on an assemblage of species, for example, 
temperate benthic fish communities in the North Sea (Jennings et al. 1999b) and UK shelf 
seas (Jennings et al. 1998) or Fijian coral reef fish assemblages (Jennings et al. 1999a). 
Within a regional context of populations and species within relatively similar habitats, we 
might expect maximum size to be a better proxy of distinct life history strategies and thus, 
appear more often as a correlate of vulnerability to fishing, than at larger geographical 
scales across multiple habitats. 
Here we present four suggestions why maximum body size is most frequently the best 
predictor of marine fish vulnerability. First, it is the most commonly available trait and often 
the only life history trait tested (Figure 5.1B-D) (Reynolds 2003, Reynolds et al. 2005). By 
comparison, growth and longevity have been less frequently tested, presumably because 
they are harder to estimate than maximum body size (Figure 5.1B-D). Second, large 
bodied fishes tend to be preferentially targeted over the smaller species because they are 
often more economically important and valuable (Reynolds 2003, Sethi et al. 2010), and 
yet we find some studies did not control for the different fishing mortalities experienced by 
the species (Table 5.S1). This makes it difficult to disentangle the individual effect of 
fishing and life histories (Dulvy and Reynolds 2002, Olden et al. 2007, Field et al. 2009). 
Third, it is well known that maximum body size is the first element explaining the diversity 
of life histories across all organisms and it governs the first axis of life history variation 
(Dobson 2007). Given that other life history traits also scale with size such as that large 
species will tend to mature later and be longer-lived, maximum size tends to approximate 
other aspects of species life histories (e.g. length-at-maturity, longevity), their ecology 
(e.g. trophic level) and their behavior (e.g. migrations and home range size) (Reynolds 
2003). Therefore, when life history traits other than maximum size are unavailable and 
therefore not tested in the comparative analyses, it is not surprising that maximum size is 
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identified as an important predictor of vulnerability and therefore proposed to be used as a 
rule of thumb to rank vulnerability of species. After all, there are two main axes 
surrounding the evolution of life histories and size governs the first axis. When the 
influence of size on other traits is held constant, a second new axis emerges where a new 
continuum of slow and faster life histories emerges which are a reflection of the different 
life styles of species (Dobson 2007, Juan-Jordá et al. 2012). Fourth, we also observe that 
the majority of previous empirical studies identifying life history correlates of vulnerability 
in marine fishes are regional studies focusing on an assemblage of species, for example, 
temperate benthic fish communities in the North Sea (Jennings et al. 1999b) and UK shelf 
seas (Jennings et al. 1998) or Fijian coral reef fish assemblages (Jennings et al. 1999a). 
Within a regional context of populations and species within relatively similar habitats, we 
might expect maximum size to be a better proxy of distinct life history strategies and thus, 
appear more often as a correlate of vulnerability to fishing, than at larger geographical 
scales across multiple habitats. 
To the best of our knowledge, there has been only one global analysis where multiple life 
history traits have been used to test which are strong predictors of population collapses in 
marine fishes (Pinsky et al. 2011). This study tested which species-level life history traits 
best explained the proportion of collapsed populations within a species. When estimates 
of collapses were based on abundance data extracted from fishery stock assessments, 
they found that small, short-lived species, commonly assumed to be less vulnerable to 
fisheries, have collapsed as often as large, higher trophic-level species, even after 
controlling for the fishing mortality rates experienced by each species (Pinsky et al. 2011). 
We agree on the main message of this study that the vulnerability of a species is the 
combination of their life histories and the magnitude of the fishing impacts, and therefore 
any population or species regardless of their life histories can be driven to collapse by 
fisheries if fished hard enough. However, based on life history theory and the evidence 
from multiple empirical analyses, we would expect the life histories of fishes to be a useful 
predictor of collapses after controlling for fishing mortality rates. We suggest several 
reasons why life history traits where not strong predictors of species collapses (after 
fishing mortality was controlled for) in this study. First, in contrast to all other studies 
(which focus on a single taxonomic level -- population or species) this study mixed 
taxonomic scales by explaining population trajectories with species-level traits. This study 
modeled proportion of collapse populations within a species, therefore the probability of a 
population collapsing within each species against multiple species-level life history traits. 
Presumably driven by data availability, life history traits (extracted from FishBase), and 
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metrics of fishing mortality and collapses (which were available at the population level) 
were averaged across all populations within species, perhaps losing some critical 
information reducing the power to test hypotheses that are well-supported in better 
controlled regional-scale studies. Second, statistically it is a challenge to control for the 
different fishing mortality rates experienced by populations to test whether fishing 
characteristics have an effect on the prevalence of collapse. In the Pinsky study, the 
relative fishing mortality rates (Faverage/FMSY) were not included as a main covariate in the 
models; instead it was analyzed using regression of residuals. This is not a recommended 
statistical practice (Freckleton 2002). Our study shows that population declines can be 
best explained be the combination of life history traits and relative fishing mortality, 
especially time-based traits. Fishing is a rate-based process of the number killed per unit 
time and hence it makes sense that life history rates that capture the rate of renewal of 
numbers and biomass are most closely related to population trajectories. 
One of the original motivations of our study was to test the usefulness of several life 
history traits to predict scombrids vulnerability to fishing, with the aim of advancing 
methods based on the life history of the species to identify the most sensitive species and 
prioritize resources for those species most at threat in data-poor situations. In a data-poor 
context with pressing conservation needs where proactive management is more needed, 
we are most in need of simple methods (or simple rules-of-thumb) to use the data that 
already exists to make proactive decisions (Beddington and Kirkwood 2005, Reynolds et 
al. 2005, Cardillo and Meijaard 2011). So we wonder, what aspects of the life history of 
the species should we used as the best surrogate of species sensitivity to fishing in data-
poor situations? We agree with previous studies that when only maximum size of the 
species is known, it is probably the best surrogate of species vulnerability to fishing 
(Jennings et al. 1998, Jennings et al. 1999c, Reynolds 2003, Reynolds et al. 2005). 
Maximum size is commonly available for the large majority of the species, and may be 
sufficient to predict and rank the relative sensitivity of species to fishing exploitation, 
particularly within a regional context with a restricted geographic scope and taxonomic 
group of species. Yet, we show in this study how yellowfin tuna is a clear example of why 
maximum size is not always a surrogate of vulnerability to fishing. Therefore, when more 
life history data are available, time-related traits such growth and longevity in addition to 
maximum body size should be used to characterize the life history strategies of the 
species and identify their potential intrinsic sensitivities to external threats such as fishing, 
particularly within a context where the geographic and taxonomic scope of the analysis is 
large. After all, there are two main axes surrounding the evolution of life histories. Size 
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governs the first axis, and when the influence of size on other traits is held constant, a 
second new axis emerges where time related traits become important (Dobson 2007, 
Juan-Jordá et al. 2012). 
Finally, we would like to highlight three caveats of this study and suggest future directions. 
First, in our study we presented three a priori hypotheses to test for the importance of life 
histories and fishing in determining the population declines and current exploitation status 
for 19 populations of scombrids. We caution that the sample size of this study is 
moderate, if not small, given that generally it is recommended seven to ten observations 
for each predictor variable estimated in a model (Anderson 2008). We encourage re-
evaluation of our hypotheses as new data becomes available. Second, we find that 
relative fishing mortality rates, expressed as Faverage/FMSY, experienced by each population 
throughout its history of exploitation was not a strong correlate (by itself) of either rate of 
decline or extent of decline in scombrid populations, although it was statistically significant 
predictor of the current exploitation status of populations. These findings are 
counterintuitive, given than prolonged levels of high fishing mortality rates have been 
associated with higher and faster rates of decline, and fishing pressure has been identified 
as the most important threat in marine species (Hutchings and Reynolds 2004a, Reynolds 
et al. 2005). As previously mentioned, it is a challenge to statistically test whether fishing 
patterns have an effect on the vulnerability of species. Perhaps, by averaging fishing 
mortality rates across all age classes (juveniles and adults) and across time over the 
entire history of exploitation of each population, we are loosing the finer temporal details of 
how fishing rates directly affect abundance levels over time. Consequently, it may be 
difficult to reduce the history of exploitation into a single metric of average fishing mortality 
rate. Third, our study together with previous comparative analyses of species vulnerability 
to fishing, focuses in testing the importance of life history traits, while it gives less focus to 
the role of behavior (e.g. migrations, strength of school aggregations) and ecology of the 
species and how all these factors interact with human activities in determining species 
vulnerabilities and ultimately risk of extinction (Reynolds and Jennings 2000). We 
therefore encourage future studies to explore the interactions between biological, behavior 
and ecological factors in determining vulnerability in marine fishes, which are lagging 
behind studies of extinction risk when compared with terrestrial species (Dulvy et al. 2003, 
Reynolds 2003, Reynolds et al. 2005).  
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Conclusions 
Certainly both small and large, and short-lived and long-lived species are vulnerable to 
overexploitation, collapse and ultimately to extinction if fished above the fishing mortality 
rates they can cope with. However, as life history theory predicts, this empirical study 
shows evidence for the role of life histories of scombrid populations and species in 
determining their responses to fishing. Once fishing is controlled for, scombrids 
populations and species with slow life histories, which are mostly found in temperate 
climates, are more likely to have experienced faster and larger declines in adult biomass 
and have a higher probability of being overfished and therefore, appear to be the most 
sensitive to fishing exploitation. Because the life history strategies of temperate scombrid 
fish species differ from their tropical counterparts in many aspects, we stress these 
differences in life history strategies need to be taken more into account in current fisheries 
management. Identifying and quantifying the relative importance of biological, behavioral 
and ecological factors and how all these factors interact with human activities in 
determining species vulnerabilities and ultimately risk of extinction in marine fishes 
continues to be a challenge and is poorly understood. A better understanding of these 
factors and their interactions is crucial to build tools to predict species responses to fishing 
and their risk of depletion and extinction particularly in data-poor situations where 
conservation needs are pressing. These methods are critical to bring one step closer a 
realistic precautionary ecosystem-based approach to fisheries management.  Finally, we 
emphasize that global datasets of fisheries data (such as the RAM Legacy Stock 
Assessment Database) and life history data (such as FishBase), although with their 
limitations, have only recently started to become available which opens new opportunities 
to test global hypothesis and advance our understanding of which marine species are 
most at risk and vulnerable to overexploitation. 
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Supplementary Figures 
 
Figure 5.S1 Trajectories of adult biomass (1,000 tonnes) for 26 populations of 
scombrids (11 species).   
For sources of stock assessments see Table 5.S2.   
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Figure 5.S2 Vulnerability metrics for the 26 populations of scombrids (11 species).  
(A) Average annual rate of change in adult biomass (mean ± 95% CIs) for each population across 
the entre period of available data. (B) Overall extent of decline or recovery in adult biomass for 
each population from the first year to the last year of available data. Population are colored 
according to their exploitation status according to the fisheries reference point, Bcurrent/BMSY. Red 
populations are overfished (B < BMSY) and green populations are not overfished (B > BMSY). 
Populations for which reference points were unavailable are shown in grey. 
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Figure 5.S3 Trajectories of relative fishing mortality rates for 26 populations of 
scombrids (11 species).  
The metric of relative fishing mortality was calculated as the ratio between the average fishing 
mortality rate across all ages and years and the fishing mortality predicted to produce maximum 
sustainable yield (Faverage/FMSY). Broken horizontal line shows when Faverage/FMSY is one. For sources 
of stock assessments see Table S2. 
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Figure 5.S4 Results from the Principal Component Analysis (PCA) examining the 
trait co-variation among populations of scombrids.  
(A) This PCA maximizes the number of life history traits including eight life history traits and only 22 
populations of scombrids. (B) This PCA maximizes the number of populations including all 26 
populations and only 4 life history traits. Both PCA confirm the existence of the first two main axes 
of life history variation in scombrids. The first axis is driven by length-related traits (green color) 
raking species along a size continuum and the second axis is driven by time-related traits (orange 
color) raking species along the slow-fast continuum of life histories. See PCA results in Table 5.S4. 
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Supplementary Tables 
Table 5.S1  Literature review of empirical studies examining the links between life 
histories and demography and population status in marine fishes.  
(A) Potential life history correlates of demography, usually measured as maximum per capita 
population growth rates (rmax ).   
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(B) Potential life history correlates of population status, usually measured as IUCN threat status 
categories, population trajectories including declines, recoveries and collapses, and population 
trajectories while controlling for exposure to fishing.  
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Table 5.S2 List of scombrid populations including fisheries management 
reference points and sources of stock assessments.  
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Table 5.S3  Life history traits for 26 populations of scombrids.  
In order to maximize the number of populations included in the analyses, we estimated missing life 
history information (estimates values are shown with *) following a set of rules (see methods).  
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Table 5.S4 Results from the Principal Component Analysis (PCA) examining the 
trait co-variation among populations of scombrids.  
(A) This PCA maximizes the number of life history traits including eight life history traits and only 22 
populations of scombrids. (B) This PCA maximizes the number of populations including all 26 
populations and only 4 life history traits. Both PCA confirmed the existence of the first two main 
axes of life history variation in scombrids. The first axis was driven by length-related traits raking 
species along a size continuum and the second axis was driven by time-related traits raking 
species along the slow-fast continuum of life histories. See PCA results in Figure S4. 
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Table 5.S5 Summary of the generalized regression models including all length-
related and time-related life history traits sorted by AICc.  
Models evaluate the effects of fishing mortality and life histories on (A) the rates of decline in adult 
biomass, (B) the extents of decline in adult biomass and (C) current exploitation status of 
scombrids. Length-related traits include maximum size (Lmax) and length-at-maturity (Lm). Time-
related traits include longevity (Tmax), age-at-maturity (Tm), growth rate (k). AICc, Akaike’s 
information criterion with a correction for small sample sizes. df, number of parameters. l (θ), the 
value of the maximizes log-likelihood function; ΔAICc =AICci - min AIC, where AICci is the AICc for 
model i, and  min AICc is the smallest AICc value in the set of models). wi , the Akaike 
weights,expresses the relative likelihoods of candidate models, with the weigh of any particular 
model varying from 0 (no support) to 1 (complete support) relative to the entire model set. R2, 
coefficient of determination. 
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Table 5.S6 Summary of the generalized regression models including as predictor 
variables the first and second principal components (PC1 and PC2, 
respectively) and fishing mortality rates, sorted by AICc.   
Models evaluate the effects of fishing mortality and life histories on (A) the rates of decline in adult 
biomass, (B) the extents of decline in adult biomass and (C) current exploitation status of scombrid 
species. PC1 summarizes all the length related traits (Lmax and Lm) into one variable, ranking 
populations along the size-continuum. Populations with a larger-maximum body, and large size at 
maturation have positive and higher scores than populations with smaller-maximum body size and 
smaller size at maturation. PC2 reduces the time related traits (Tmax, k and Tm) into one variable 
ranking populations along slow-fast continuum. Longer-lived and slower growing species given 
their maximum body size, have positive and higher scores along PC2 than shorter-lived and faster-
growing populations given their maximum body size. AICc, Akaike’s information criterion with a 
correction for small sample sizes. df, number of parameters. l (θ), the value of the maximizes log-
likelihood function; ΔAICc =AICci - min AIC, where AICci is the AICc for model i, and  min AICc is the 
smallest AICc value in the set of models). wi , the Akaike weights,expresses the relative likelihoods 
of candidate models, with the weight of any particular model varying from 0 (no support) to 1 
(complete support) relative to the entire model set. R2, coefficient of determination.  
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Chapter 6.  
 
General discussion and concluding remarks 
Two global challenges hinder the implementation of successful ecosystem-based 
management in the world’s fisheries. The first challenge reflects our limited and 
fragmentary understanding of the scale and extent of the impacts of fishing on marine 
species and marine ecosystems (Sala and Knowlton 2006, Crowder et al. 2008, 
Blanchard et al. 2010). The second challenge reflects our limited knowledge on the 
biological status for the immense majority of marine fish species (Reynolds et al. 2001, 
Dulvy et al. 2004, Costello et al. 2012). In this thesis I focus on the 51 scombrid species to 
provide new insights and some answers to these challenges using meta-analysis and 
comparative techniques. Specifically, I first quantify the impacts of fishing on this group of 
species within the last century and summarize their current exploitation status (Chapter 2). 
Second I prioritize life history research needs, and characterize the diversity of life history 
strategies in scombrid species, which is fundamental to our understanding of how species 
respond to human exploitation (Chapter 3 and 4), and third, I examine what aspects of 
their life histories makes scombrid species to be most vulnerable to fishing with the aim of 
advancing our abilities to diagnose what species might be most threatened in data-poor 
situations (Chapter 5). Next, I briefly summarize the main findings of each chapter and 
discuss their implications in the management and conservation of scombrids species. 
Then, I contextualize the main findings towards advancing the implementation of 
ecosystem considerations in the management of world’s fisheries with a focus on 
scombrid fisheries, and discuss the many challenges ahead, and potential avenues for 
future work. 
General summary  
Tunas and their relatives dominate the world’s largest ecosystems and sustain some of 
the most valuable fisheries. The impacts of fishing on these species have been debated 
intensively over the past decade, giving rise to divergent views on the scale and extent of 
the impacts of fisheries on pelagic ecosystems. In Chapter 2, I carry out a meta-analysis 
of biomass and fishing mortality trends across 26 populations of scombrids and provide 
the most accurate picture of the global population trajectories of tunas and mackerels 
within the last 50 years and summarize their current exploitation status. This study 
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resolves a decade long debate on the trajectory of tunas and the health of tuna 
populations globally from a fisheries management point of view. Overall, populations have 
declined, on average, by 60% over the past half century, but the decline in the total adult 
biomass is lower (52%), driven by a few abundant populations. Hence, this study reveals 
that tuna population declines are not as bad as previously thought. However, the meta-
analysis of biomass trends raises the alarm for temperate tuna and mackerel populations, 
which have experience the steepest and largest declines in biomass in the last half 
century, and are mostly currently overexploited and under recovery management plans. 
The study also reveals that the fisheries management objectives of achieving maximum 
sustainable yield have been largely met for the majority of tuna populations. Thus, the 
majority of scombrid populations are fully exploited, which means that in the near short 
term there are few opportunities to expand catches in these fisheries without jeopardizing 
the long-term sustainability of these fisheries. There are some notable exceptions, the 
majority of mackerel and bluefin tuna populations are currently overfished and 
experiencing overfishing.  
Chapter 2 also highlights three issues that need to be tackled with urgency:  (1) tuna 
productivity is declining, as the Maximum Sustainable Yield (MSY) levels are lower than in 
the past (Allen 2010); (2) the current demand for tunas and mackerels and fishing capacity 
is increasing globally in a context where already there is overcapitalization and a 
sustainable increase of catches is limited (Chapter 2, Aranda et al. 2010, De Bruyn et al. 
2013); and (3) the impacts of tuna fisheries on other less productive species such as 
sharks need to be better understood (Dulvy et al. 2008, Baum and Worm 2009, 
Gerrodette et al. 2012, Hunsicker 2012). Additionally, the study also proposes two solution 
that could alleviate some of the issues jeopardizing the long-term sustainability of 
scombrid fisheries: (1) the effective implementation of precautionary reference points by 
the tuna Regional Fisheries Management Organization (RFMOs) for those species under 
their mandates, a long standing recommendation of several United Nations Food and 
Agricultural Organization agreements and guidelines over the last 15 years; and (2) the 
development of stringent rebuilding plans and enforcement of current on-going recovery 
plans for those overexploited populations. The implementation of precautionary reference 
points and recovery plans can be enabled by other activities such as a reduction in the 
global fishing effort and a strict and efficient monitoring system in place. There are many 
benefits at stake. Ensuring that the fully exploited scombrid populations remain well 
managed and recovering exploited populations to healthy levels, will not only secure the 
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economic and social benefits that scombrid fisheries already produce worldwide, but also 
it could make fisheries more profitable in the long term (Sumaila et al. 2012).  
Accurate life history information is vital for the development of quantitative fisheries stock 
assessments and in the fishery data-poor situations for the identification of vulnerable 
species. The global compilation and synthesis of life history data for the 51 species of 
scombrids in Chapter 3 identifies major biological gaps in life history research hindering 
the effective management and conservation of scombrid species, and prioritizes research 
needs for this group of species. Priorities in life history research are based on the 
combination of (1) biological gaps in knowledge, (2) the importance of their fisheries, and 
(3) IUCN Red List status. This synthesis reveals that the growth and reproductive biology 
of tunas and mackerel species have been more extensively studied than for Spanish 
mackerels and bonitos, although there are notable exceptions in all groups. It also shows 
that the reproductive biology of species, particularly fecundity, is the least studied 
biological aspect in scombrids. This synthesis raises the urgent need for more research on 
the life histories of the smaller coastal scombrid species, which although they have lower 
economic values in the global markets, they support diverse fisheries throughout their 
ranges and are an important source of wealth and food security to the local fishing 
communities of many countries. Scombrid fisheries are likely to continue to grow in the 
foreseeable future in a context where the economic resources to carry out life history 
research for all scombrids species are limited, therefore, this synthesis highlights the 
important gaps in biological knowledge and provides a priority setting for life history 
research in scombrid species. Thus, this study sets the life history research agenda for the 
next decades, provides guidance for management and conservation, and serves as a 
guide for biologists and resource managers interested in the biology, ecology, and 
management of scombrid species. 
The 51 species of scombrids, which are widely distributed throughout the tropical, 
subtropical and temperate waters of the world’s oceans, display diverse life history 
characteristics. Can the diversity of scombrid life histories be narrowed to a handful of 
strategies or dimensions? In Chapter 4, I analyze the life history patterns across scombrid 
species and how traits co-vary within this family and reveal that most of their life history 
variation can be explained along three main axes or dimensions: size, speed and 
reproductive schedule, which underlie scombrid life history strategies. Maximum body 
size, together with other size-related traits such as length at maturity, maximum weight or 
fecundity at length of maturity, governs the first axis of life history variation ranking species 
along a small-large continuum of life histories. Maximum size in scombrid species varies 
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over an order of magnitude in length from 31 cm in the Island mackerel (Rastrelliger 
faughni) to 372 cm in the Atlantic bluefin tuna (Thunnus thynnus). Time-related traits such 
as longevity, age at maturity and growth rates underlie the second axis of a slow-fast 
continuum depicting species which are longer lived and have slower growth rates given 
their maximum size, from species which are shorter lived and have faster growth rates 
given their maximum body size. Tropical species of scombrids, irrespective of their 
maximum size, such as the island mackerel (Rastrelliger faughni) and yellowfin tuna 
(Thunnus albacares) have the fastest life histories, while temperate species, irrespective 
of their sizes, such as Atlantic mackerel (Scomber scombrus) and Southern bluefin tuna 
(Thunnus maccoyii) have the slowest life histories among all the scombrid species. 
Fecundity-related traits, such as fecundity at length of maturity and the rate of change of 
fecundity with size, underlies the third axis describing the schedule of reproductive 
allocation in fishes. Although the first two axes of life history variation are well supported in 
fishes as well other vertebrate groups such as birds, reptiles and mammals (Gaillard et al. 
1989, Saether et al. 2002, Bielby et al. 2007), a further third axis of life history variation is 
less well supported and its interpretation varies among groups (Rochet et al. 2000, 
Dobson 2007). Moreover, within the larger envelop of fish life histories strategies – the 
Opportunistic- Periodic-Equilibrium triangular model of fish life histories of Winemiller and 
Rose 1992 – scombrids display life history characteristics between the Opportunistic and 
Periodic strategists, with tropical mackerel species being the best example of an 
Opportunistic strategists, and temperate bluefin tuna species providing good examples of 
Periodic strategists. The life history attributes of species are major determinants of their 
population dynamics and underpin their sustainable exploitation and management. In 
data-poor situation where species are subject to intense fisheries and their current 
exploitation status is unknown and uncertain, the knowledge of their life histories and life 
history strategies, particularly when presented in a comparative framework, become very 
valuable, since they can provide a starting framework in support of management (King 
and McFarlane 2003). 
What life history traits best diagnose those species most likely to decline and be 
overfished? What scombrid species are most vulnerable to fishing? In Chapter 5, I 
examine the role of life histories and fishing in determining the population trajectories and 
current exploitation status of scombrids. My research reveals that the life history traits of 
growth and longevity are the best predictors of both rates and extent of decline in adult 
biomass and the current exploitation status of scombrid populations. After controlling for 
fishing mortality rates, scombrid populations with slow life histories (slow growth rates and 
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large longevities given their maximum body size), which are mostly found in temperate 
climates, are more likely to have experienced faster and larger declines and have a higher 
probability of being overfished. This study suggests temperate scombrids such as the 
Atlantic bluefin tuna (Thunnus thynnus) and chub mackerel (Scomber japonicus) are more 
sensitive to fisheries exploitation. Because the life history strategies of temperate 
scombrid fish species differ from their tropical counterparts in many aspects, these 
differences need to be taken into account for fisheries management. Temperate 
scombrids tend to be longer-lived, and thus, have well-evolved age structures which are 
essential to endure long periods of poor recruitment during unfavorable environmental 
conditions (Beamish et al. 2006, Rouyer et al. 2011).  However, traditional fisheries 
management is not yet well suited to maintain and protect the naturally evolved aspects of 
their life histories, particularly for longer-lived species(Longhurst 2002). Moreover, the 
original motivation of this study was to advance our understanding of the links between 
species life history and their vulnerability to fishing to build methods and create simple 
“rules-of-thumb” based on the life histories of the species to identify the most sensitive 
species to fishing and focus resources in data-poor situations. I agree with previous 
studies that when only maximum size of the species is known, it is probably the best 
surrogate of species sensitivity to fishing (Jennings et al. 1998, Jennings et al. 1999c, 
Reynolds 2003, Reynolds et al. 2005). However, when more life history data are available, 
time-related traits such growth and longevity in addition to maximum size, should be the 
preferred source of information to rank species sensitivities to fishing exploitation and to 
plan effective conservation strategies in data-poor situations.  
Implications for management and conservation, challenges 
ahead and future work 
This thesis provides the most accurate picture of the global population trajectories of tunas 
and mackerels within the last 50 years and documents widespread declines in the adult 
biomass of scombrid species in all the world’s oceans (Chapter 2). Moreover, there is also 
compelling evidence that other predatory fishes such as billfishes and sharks have 
experienced widespread declines in abundances globally due to fisheries exploitation 
(Myers and Worm 2005b, Sibert et al. 2006, Hutchings et al. 2010). While there is an 
increasing understanding of the impacts of global fisheries on single species, at least for 
the commercially important species, the most pressing question now is to understand and 
forecast the ecological consequences of such declines in abundance in oceanic marine 
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food webs (Heithaus et al. 2008, Bundy et al. 2012). Successful ecosystem-based 
fisheries management requires both, first to understand the impacts of fishing on single 
species, and second to understand the ecological effects of fishing on the structure and 
functioning of the marine food webs and ecosystems, which is proven challenging (Pikitch 
et al. 2004, Beddington et al. 2007, Garcia 2010). Large removals of top predators such 
as large scombrid species can reduce species richness, cause trophic cascades and 
declines in structural diversity in marine ecosystems, as we have learned from coastal 
systems such as kelp forest, rocky shores and freshwater systems (Knowlton 1992, 
Menge 1995, Pinnegar et al. 2000, Scheffer et al. 2005). However, in oceanic habitats, the 
empirical evidence of the ecological effects of fishing is more scarce, fragmentary and has 
been little studied, fueling different views about the strength of top-down control of oceanic 
predators (Cury et al. 2003, Kitchell et al. 2006, Essington 2007, Baum and Worm 2009, 
Coll and Libralato 2011). Empirical studies and ecosystem models are slowly providing 
new insights about the roles of scombrid, billfish and shark species as apex predators and 
mesopredators in oceanic ecosystems, and quantifying the strength of the species 
interactions and how these communities are affected by fishing (Kitchell et al. 1999, Cox 
et al. 2002, Kitchell et al. 2006, Essington 2007, Ferretti et al. 2010, Hunsicker 2012). 
Given the difficulty of carrying out large scale experimental studies in marine habitats, 
ecosystem models (e.g.Ecopath and Ecosim) have become a popular and valuable tool to 
simulate the ecological consequences of fishing on marine ecosystems and provide 
guidelines for management. However, these types of models have not been widely 
applied to simulate the ecological consequences of fishing in oceanic habitats, with the 
exception of the Pacific Ocean (Kitchell et al. 1999, Cox et al. 2002, Allain 2005, 
Essington 2007). Despite positive management stories and signs of species recovery to 
healthy management levels in some regions of the word (Worm et al. 2009), fishing 
pressure is likely to continue increasing, driving further declines in species abundances 
and biodiversity (Swartz et al. 2010, Anticamara et al. 2011, Watson et al. 2012). Long-
term monitoring programs in combination with simulation ecosystem models are urgently 
needed in order to identify the functional roles of species in the open-ocean communities, 
identify predatory-prey interactions and identify which species have the stronger roles in 
those communities, so early symptoms of changes in ocean communities are identified in 
advance to develop policy guidelines where ecosystem considerations are taken into 
account in the management of fisheries (Kitchell et al. 2006, Essington 2007, Baum and 
Worm 2009). In my opinion, this area of research is urgently needed in the Atlantic and 
Indian oceans where fishing induced reductions of large predatory fishes from the oceanic 
food webs are least understood.  
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Marine fish species with slow life histories (late maturing, slow growing and long-lived), 
may warrant greater conservation concern given the current traditional fisheries 
management strategies (Chapter 5) (Longhurst 1998a, 2002). My research suggests 
scombrids species with slow life histories, mostly temperate tuna and mackerel 
populations, have experienced the fastest and greatest decline in adult biomass and have 
a higher probability of being overfished, after fishing mortality rates have been controlled 
for. These findings concur with emerging demands to develop more precautionary fishing 
management strategies; species with slow life histories may require a management 
strategy that maintains their age structures and protects age diversity (King and 
McFarlane 2003, Beamish et al. 2006, Garcia et al. 2012, Law et al. 2012). However, 
fisheries management traditionally has focused on maintaining minimum biomass levels, 
which in part, is a reflection of the lack of biological realisms in the traditional stock 
assessment models (Kuparinen et al. 2012). One way to move forward is to improve the 
biological realisms of stock assessments and management decision made by more 
effectively incorporating the information from other fields such as life history and 
ecological theory as well as borrowing information from comparable species  (Ulltang 
1996, Mangel and Levin 2005, Kuparinen et al. 2012). Moreover, my research also 
suggests that time-related life history traits such as growth and longevity, describing the 
slow-fast continuum of life histories in scombrids, are the best proxies to rank scombrid 
species according to their sensitivities to fishing exploitation. These findings have 
implications for future development and application of risk-assessment methods in data-
poor contexts, which requires identifying what aspects of the species biology makes them 
most vulnerable to fishing exploitation. In data-poor situations, simple methods that are 
pragmatic and generalist can ease the implementation of ecosystem based fisheries 
management in many regions of the world where lack of data and finite capacity of 
resources impedes the assessments of species and populations with low economic value. 
Understanding the biology of vulnerability and the biology of extinction in marine fishes is 
in its infancy (Sadovy 2001, Dulvy et al. 2003, Cheung et al. 2005). In this thesis, I 
examined the role of life histories and fishing in determining the population trajectories of 
scombrids and their current exploitation status. These analyses used as a proxy of 
vulnerability the following three measures: rates of declines in biomass, extent of decline 
in biomass, and the current exploitation status of populations (Chapter 5). It is not yet 
known how or to what extent these proxies reflect vulnerability in marine species and 
ultimately extinction risk, in part because the biology of vulnerability and the biology of 
extinction is still poorly known (Cheung et al. 2005, Reynolds et al. 2005, Briggs 2010). 
   Chapter 6 
 
229 
However, in the last decade there have been several advances in this field. Some myths 
have been reversed: (1) empirical studies have now repeatedly shown that high 
fecundities do not confer teleost fishes with higher recovery potential and lower risk of 
extinction, as often assumed (Sadovy 2001, Denney et al. 2002, Hutchings et al. 2012b) 
(2) the recovery potential of teleost fishes is not lower than in terrestrial mammals, as 
often claimed (Hutchings et al. 2012b). Moreover, there is also an increasing recognition 
that age diversity and longevity might be key considerations to protect in exploited 
populations, which might be a factor impeding the recovery of some populations from low 
population biomasses (Longhurst 1998a, Hutchings and Reynolds 2004b, Hutchings et al. 
2012a). Despite some advances in the field, there are many questions to be answered. 
The population dynamics of species at low population sizes and how frequent and 
perverse are allee effects in marine fishes is poorly understood (Stephens and Sutherland 
1999, Dulvy et al. 2004, Hutchings et al. 2012a, Keith and Hutchings 2012). Another key 
topic of research, in which marine species are lagging behind terrestrial species, is the 
calculations of extinction thresholds for which minimum population size is commonly used. 
The minimum viable population size is the size that would ensure the persistence of 
populations within a time frame (Dulvy et al. 2004, Traill et al. 2007, Flather et al. 2011). 
Further advances in these areas of research show great promise and potentially will 
improve the biology of vulnerability and extinction in marine fishes as well as encourage 
the development of methods to provide shortcuts in implementing ecosystem 
management in fisheries management. 
My research has also shown that there are substantial gaps in biological knowledge 
hindering the management and conservation of many scombrid species that need to be 
addressed. The global meta-analysis of biomass trends revealed that the large majority of 
small tunnies, Spanish mackerels and mackerel species are in need of up-to-date age-
structured fishery stock assessments (Chapter 2). Similarly, the global synthesis of life 
history data across the 51 species of scombrids also revealed relevant gaps in life history 
research for many of the small tunnies, Spanish mackerels and mackerel species 
(Chapter 3). Globally, the majority of the life history research and formal fishery 
evaluations has focused, and still is focusing, on the seven principal market tuna species 
and a few temperate mackerel species (although there are some exceptions), with less 
priority given to the life history research and management for the rest of scombrid species. 
Although I encourage more field and life history studies as well as the improvement of 
existing fishery stock assessments for the data-rich species of scombrids, and particularly 
those efforts that aim to increase the use of the available biological knowledge to increase 
Discussion 
 
230 
the biological realisms in stock assessment (Kuparinen et al. 2012); I also hope this thesis 
has raised the urgent need to focus more effort and resources for the smaller coastal 
scombrid species. I encourage future life history research as well as fishery evaluations to 
focus on scombrid species that need it the most and are potentially under the most threat. 
In terms of future life history research, a strategy would be to focus on scombrid species 
with large life history-data gaps that are currently targeted by commercial fisheries 
throughout their distributions and are listed in the Threatened or Data Deficient categories 
of the IUCN Red List (Chapter 3). Regarding future opportunities for fishery evaluations, I 
would focus resources on populations and species that are currently targeted by fisheries 
but never been evaluated formally or have stock assessments that are outdated (Chapter 
2) and last and most important, focus on species with life histories towards the slow side 
of the slow-fast continuum of life histories, which are species that are slow-growing and 
potentially long-lived and therefore most sensitive to fishing exploitation (Chapter 4). The 
fisheries of small and coastal species of scombrid are still growing and the widespread 
perception that these fisheries are irrelevant in terms of catches or revenues has now 
been reversed in many regions of the world (Gillett et al. 2001, Pillai et al. 2002, Di Natale 
et al. 2009, Collette et al. 2011).  
But who is ultimately in charge of the management and conservation of scombrid species? 
And who is in charge of evaluating and mitigating the wider ecosystem considerations in 
the management of single species fisheries? Many coastal species of scombrids, together 
with the principal market tuna species, are under the mandates of the tuna Regional 
Fisheries Management Organizations (RFMOs) because of their highly migratory nature 
and widespread coastal and oceanic distributions. Since their creation, the five tuna 
RFMOs have mostly focused their efforts, resources, and personnel into managing the 
principal market tuna species (Chapter 2). Even through the mandates of all the tuna 
RFMOS, except the CCSBT which only manages the southern bluefin tuna, include in 
their basis the responsibility of ensuring the management and conservation of the principal 
market tuna species as well as other tuna-like species (term that includes the billfishes 
and some of the smaller scombrid species) within their jurisdiction. Given the small 
number of fishery evaluations I found for non-principal market tuna species, it appears the 
current structure of tunas RFMOs might not be appropriate or might be lacking in capacity 
to provide quantitative scientific advice for the many of the small tunas, bonitos and 
Spanish mackerels, as well as other species interacting with tuna fisheries such as sharks 
under their jurisdictions. Moreover, although all the tuna RFMOs recognize the importance 
of incorporating ecological considerations and the Precautionary Approach into fisheries 
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management, these important points are not being implemented widely by the tuna 
RFMOs (Lodge et al. 2007, Mooney-Seus and Rosenberg 2007, Cullis-Suzuki and Pauly 
2010). Nonetheless, the five tuna RFMOs have recently developed several initiatives to 
reverse this trend with the aim of incorporating and making more effective the 
Precautionary Approach as well as incorporating ecosystem considerations in their 
fisheries management (Lodge et al. 2007, De Bruyn et al. 2013). I would highlight the 
following three recent initiatives: (1) the creation of specialized working groups on small 
scombrid species and other tuna-like species, as well as the creation of working groups on 
ecosystems considerations; (2) the on-going progress to develop strategies to implement 
the FAO International Plan of Actions which addresses ecosystem consideration, and 
promotes the sustainability of marine resources; and (3) the creation of programs to 
collect more data on ecosystems, the environment, social and economic statistics, as well 
as monitoring plans for bycatch species. However, the on-going progress and 
implementation of these initiatives vary greatly among the tuna RFMOs, in part due to 
historical reasons and in part due to the lack of capabilities to implement them and lack of 
quality data which generally paralyze any attempt to carry out stock assessment 
evaluations for the non principal market tuna species (Lodge et al. 2007, Aranda et al. 
2010, De Bruyn et al. 2013). Currently, it is imperative an effective cooperation among the 
five tuna RFMOs as well as the collaboration between the tuna RFMOs and others (e.g. 
GFCM) in order to reduce their different level of achievements as well as to standardize 
goals and expectations, share resources and knowledge, decrease duplicities and 
potentially increase their efficiency to manage tuna and tuna-like species under their 
jurisdictions. During the last few years, there have been several joint meetings between 
the tuna RFMOs (Kobe meetings) which have established the basis for their cooperation 
and joint commitments (Anonymous 2011). Although these initiatives are significantly 
shaping the path towards a more efficient way of combining resources, efforts and 
knowledge among the five tuna RFMOs, there is still much to be accomplished to ensure 
that these commitments are put in place and are translated into action and to secure the 
long term sustainability of all tuna and tuna like species and ensure that ecosystem 
considerations are taken into account in fisheries management. 
Finally, I would like to emphasize that two main products of this thesis are two data sets - 
a compilation of 26 age-structured fishery stock assessments and a life history data set 
including 684 life history studies for the 51 species of scombrids. These data sets have 
already been used in several research projects and will continue to support new research 
projects in the future. In the past, these data sets supported the first IUCN Red List 
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assessment of scombrid species. I had the great opportunity to participate in the species 
evaluations as a member of the IUCN Tuna and Billfish Specialist group. These data sets 
were used in several tasks, as for example, to estimate the generation length of scombrid 
species, which is a key parameter used to apply the IUCN criteria and determine the Red 
List Status of species. This work resulted in the publication of the first global evaluation of 
the conservation status of all scombrid species using the International Union for 
Conservation of Nature (IUCN) Red List criteria (see Appendix B). Currently, these data 
sets are also supporting several research projects. I am carrying out a meta-analysis of 
trends in the age structure of scombrid species to quantify the magnitude of the changes 
in their age structures and determine whether these changes might be impairing their 
recruitment success and therefore their buffering capacity to sustain poor periods of 
recruitment or affecting their reproductive potential. Moreover, I am also collaborating on a 
project to develop a time-calibrated molecular phylogeny tree for the scombrids (family 
Scombridae). This molecular phylogeny in combination with the life history and ecological 
information assembled in this thesis will be used to examine the effect of phylogeny in the 
evolution of life histories in scombrids. These are two examples of ongoing projects, 
however I expect to continue working and exploiting these two data sets to support the 
management and conservation of scombrid species as well to increase our understanding 
on the direct and indirect ecological impacts of fishing on scombrid species and marine 
ecosystems. It is important these data sets continue to be updated, become publicly 
available, and become part of the larger existing fishery and life history data sets to 
promote further meta-analysis and comparative analyses in multiple topics in marine 
ecology and fisheries. In the last few decades, there has been an increasing impetus to 
develop global life history, fishery and extinction threat data sets; for example, (1) the 
Fishbase data sets compiles life history and ecological information for over 32,500 species 
of fish (Froese and Pauly 2013); (2) the FAO landings data set further completed but the 
Sea Around Us Project includes time series of catches for over 900 species (FAO 2008); 
(3) the RAM Legacy Stock Assessment Database includes fishery stock assessment 
derived-data (e.g. time series of biomass, fishing mortality rates as well as fisheries 
reference points) for over 300 fish stocks (Ricard et al. 2012); and (4) the IUCN Red List 
assessments provide a global data set including the species-specific global distributions, 
population status, habitat, ecology, major threats and conservation measures, which is 
used to assess the relative risk of extinction of species. The Global Marine Species 
Assessment, a joint initiative of IUCN and Conservation International, is currently under 
the task of completing the Red List assessments for approximately 20,000 marine species 
(Abdul Malak et al. 2011). All these data sets have their trade-offs, advantages and 
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limitations, but it is undisputable that they are being instrumental and valuable to test 
global hypothesis and to advance our understanding on the functioning and structure of 
marine ecosystems and the resilience of marine biodiversity and marine ecosystems to 
human perturbations and impacts. However, challenges lie ahead. On challenge is how to 
keep these data sets up to date, particularly the stock assessment database. Stock 
assessments are conducted regularly as new fisheries and biological data becomes 
available and the compilation and extraction of data from the stock assessments is 
laborious. Another challenge is how to efficiently integrate and connect the information 
from all these data sets (FishBase, FAO and the Sea Around Project, IUCN Red List 
assessments, and RAM Legacy Stock Assessment database). The integration or easily 
link among these data sets would foster more detailed analysis about the global status of 
the world’s fisheries as well as engage more analyses to examine the role of life histories 
in determining species vulnerability to fishing, species recovery from overfishing and 
species risk of extinction, which potentially can assist in the management of data poor 
species in many regions of the world.  
Concluding remarks 
Our society is faced with the trade-off of exploiting marine fish species, which are a source 
of protein, employment and security, and at the same time, it is our responsibility to 
conserve and sustainably manage them for the benefit of humanity. Incorporating 
ecosystem considerations into fisheries management facilitates and balances this trade-
off. This requires that informed choices and decisions must be made, based on the best 
scientific information, in order to achieve the best possible results. This thesis focus on 
scombrid species and provides new insights upon the global impacts of fishing on their 
population trajectories within the last 50 years. I reveal that total biomass of scombrids 
has been halved globally over the past half century and that most populations are 
currently fully exploited. This means that there are few opportunities to expand catches in 
these fisheries in the short term. I also identify major biological gaps in life history 
research and establish priorities in research needs for this group of species, raising the 
urgent need to focus more research on the life histories of the coastal scombrid species. 
Then, I turn my focus to examine the diversity of life histories in scombrid species and find 
that most of the life history variation can be simplified to three dimensions (governed by 
size, speed of life, and reproductive schedule), which underlie their life history strategies. 
Finally, this thesis provides insights about the biology of vulnerability in scombrid species 
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with the aim of advancing our ability to identify, a priori, the characteristics of species that 
render them most vulnerable to overfishing.  I show that those scombrid populations with 
slowest life histories, mostly temperate tuna and mackerel populations, have experienced 
the fastest and greatest decline in adult biomass and have a higher probability of being 
overfished, after fishing mortality rates have been controlled for. The speed of life traits - 
growth rate and longevity - rather than maximum size as often suggested, are the best life 
history indicators of vulnerability to fishing in scombrids. Therefore, we recommend using 
them to identify and rank species sensitivities to fishing exploitation in order to plan 
effective conservation strategies in data-poor situations. My thesis can be considered as a 
case-study in the importance of accounting for the varying life history strategies of species 
when planning conservation and management strategies and highlights species with slow 
life histories may warrant greater conservation concern given the current traditional 
fisheries management strategies.  
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Appendix A.  
 
Spanish summary of thesis 
Esta tesis forma parte de un proyecto europeo titulado METAOCEANS "Elucidating the 
structure and functioning of marine ecosystems through synthesis and comparative 
analysis" (Metaoceans 2006). La motivación principal del proyecto METAOCEANS es 
capacitar a una nueva generación de científicos para utilizar técnicas nuevas y 
novedosas, como el meta-análisis y análisis comparativos, para sintetizar y explotar la 
gran cantidad de información sobre el mar generada por cientos de proyectos locales de 
investigación, con el fin de extraer una perspectiva global de la estructura y 
funcionamiento de los ecosistemas marinos. Siguiendo la visión del proyecto 
METAOCEANS, esta tesis aspira a aportar nuevos conocimientos sobre los efectos 
globales de la pesca en las especies de peces y ecosistemas marinos, y avanzar nuestra 
capacidad de predicción para identificar qué especies son más vulnerables a la pesca.  
Hace casi dos décadas que surgió el movimiento para gestionar los recursos pesqueros 
con un enfoque ecosistémico. Este enfoque consiste en incorporar las consideraciones 
relativas al ecosistema a la gestión pesquera, y así evitar que el foco principal de la 
gestión se centre exclusivamente en maximizar las capturas de las especies objetivo. 
Este enfoque más holístico para la gestión de las pesquerías pretende garantizar un 
equilibrio entre la explotación de los recursos marinos y el mantenimiento de unos 
ecosistemas saludables (FAO 2003, Pikitch et al. 2004, Garcia 2010, Jennings and Rice 
2011). Dos obstáculos globales están frenando nuestros avances en la implementación 
de una gestión basada en los ecosistemas en las pesquerías del mundo. El primer 
obstáculo refleja nuestro desconocimiento sobre la escala y el alcance de los impactos de 
la pesca sobre las especies y los ecosistemas marinos, ya que es limitado, fragmentario e 
incierto (Sala and Knowlton 2006, Crowder et al. 2008, Shin et al. 2010). El segundo 
obstáculo refleja nuestra ignorancia sobre la situación biológica para la inmensa mayoría 
de especies que están siendo directa o indirectamente afectadas por la pesca. Menos del 
1% de especies de peces marinos han sido evaluados adecuadamente a nivel global 
(Dulvy et al. 2004, Costello et al. 2012, Ricard et al. 2012).  
Esta tesis aborda estos dos desafíos globales empleando las especies de escómbridos 
como caso de estudio. Los escómbridos incluyen 51 especies de atunes, petos, bonitos y 
caballas (familia Scombridae), son peces depredadores y epipelágicos distribuidos por 
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todos los océanos del mundo en aguas tropicales y templadas (Collette and Nauen 1983). 
Sus ciclos de vida se limitan al uso de aguas marinas en el océano abierto, aunque 
algunas especies están asociadas con los arrecifes de coral y estuarios (Collette and 
Nauen 1983). Además de su papel ecológico clave como depredadores en los 
ecosistemas marinos, estas especies sostienen una de las pesquerías más importantes 
del mundo desde el punto de vista económico y social (Collette 2002, Pillai et al. 2002, 
Majkowski 2007, Di Natale et al. 2009, Miyake et al. 2010). Las pesquerías de 
escómbridos son una importante fuente de riqueza, empleo y seguridad alimentaria en 
muchas comunidades pesqueras en todo el mundo. 
Hay dos razones principales por las cuales esta tesis se centra en las especies de 
escómbridos. En primer lugar, los efectos de la pesca sobre especies de peces pelágicos, 
en particular los grandes atunes, ha sido objeto en el pasado de intensos debates, dando 
lugar a distintas opiniones sobre cuál es el impacto de la pesca sobre las especies de 
atunes (Myers and Worm 2003, Hampton et al. 2005, Myers and Worm 2005a, Sibert et 
al. 2006). Dada la importancia económica, ecológica y social de las pesquerías de 
escómbridos en el mundo, uno esperaría conocer la escala y el alcance de los impactos 
de la pesca en este grupo de especies a nivel global, sin embargo la magnitud de los 
impactos son sorprendentemente inciertos. En 2003, una de las primeras síntesis de los 
impactos globales de la pesca en las poblaciones de peces concluyó que la biomasa de 
los grandes peces pelágicos, entre ellos los grandes atunes, había disminuido un 90% en 
los últimos 50 años a nivel global (Myers and Worm 2003). Este trabajo fue muy criticado 
por la comunidad científica porque utilizó como índice de abundancia las series 
temporales de capturas y esfuerzo de las flotas de los palangreros japoneses, lo que 
resultó en una sobreestimación de las disminuciones en abundancia (Walters 2003, 
Hampton et al. 2005, Polacheck 2006). Para la mayoría de las poblaciones de 
escómbridos existen en estos momentos evaluaciones de stock de buena calidad, que 
proporcionan datos fiables de la abundancia y la mortalidad por pesca en estas 
poblaciones durante los últimos 50 años. Las evaluaciones de stock deberían ser la 
fuente preferida de información para evaluar los efectos de la pesca sobre las 
poblaciones de peces y los ecosistemas (Polacheck 2006, Sibert et al. 2006, Worm et al. 
2009). Dada la creciente disponibilidad de evaluaciones de stock para las poblaciones de 
escómbridos, parece oportuno evaluar los impactos globales de la pesca sobre este 
grupo de especies y evaluar el desarrollo de sus trayectorias y la sostenibilidad de sus 
pesquerías. En segundo lugar, la creciente importancia económica de los escómbridos 
durante los últimos 50 años ha dado lugar a un número relativamente elevado de estudios 
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biológicos y evaluaciones de stocks en estas especies. Esta fuente de información 
biológica y de pesquerías ofrece la oportunidad de estudiar la diversidad en historias de 
vida en esta familia de peces (familia Scombridae), información fundamental para 
comprender su distinta respuesta a la explotación humana y diagnosticar qué especies 
son más vulnerables a la pesca (Jennings et al. 1998, Jennings et al. 1999b). 
Potencialmente, un análisis comparativo de historias de vida entre múltiples especies con 
distintas estrategias de vida e historias de explotación pesquera, puede aportar 
información valiosa sobre qué características biológicas hacen que unas especies sean 
más vulnerables a la pesca que otras, y así apoyar la creación de planes de evaluación y 
conservación para gestionar pesquerías con escasez de datos (Jennings et al. 1998, 
Jennings et al. 1999b, Anderson et al. 2011). 
Objetivos 
El objetivo general de esta tesis es proporcionar las herramientas necesarias para 
gestionar de forma sostenible las pesquerías de escómbridos. Para ello, esta tesis trata 
de evaluar a escala global las trayectorias de biomasa de los escómbridos y su estado de 
explotación actual, proporcionando una imagen más precisa de los impactos globales de 
la pesca en este grupo de especies. Asimismo, otro objetivo primordial es evaluar la 
influencia de las distintas historias de vida de los escómbridos en sus trayectorias 
globales, con el fin de progresar en nuestra capacidad predictiva para identificar a priori 
qué especies son más vulnerables a la pesca.  
Para alcanzar estos objetivos, esta tesis trata de explotar y sacar el mayor rendimiento  
posible a los datos ya existentes, analizándolos mediante técnicas novedosas, como el 
meta-análisis y métodos comparativos. Por lo tanto, se recopilaron datos biológicos y 
datos pesqueros para todas las especies de escómbridos a nivel global, lo que dio lugar a 
la construcción de dos bases de datos. La primera base de datos consiste en una 
recopilación de todas las evaluaciones de gestión disponibles, específicamente, 
evaluaciones de stock realizadas con métodos estructurados por edades. Esta base 
contiene un total de 26 evaluaciones para 26 poblaciones de 11 especies de 
escómbridos. La segunda base de datos consiste en una recopilación de caracteres 
biológicos que describen la historia de vida de las especies, incluyendo el tamaño 
corporal máximo, crecimiento, longevidad, tamaño y edad de madurez, época de desove 
y fecundidad de las 51 especies de escómbridos. Esta base de datos incluye información 
biológica extraída de 684 estudios publicados sobre la biología de las especies. 
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Para alcanzar el objetivo general de esta tesis, se abordan los siguientes objetivos 
específicos: 
En el Capítulo 2 se evalúan las trayectorias globales de biomasa adulta de 26 
poblaciones de escómbridos entre 1954 y 2006, y se cuantifica el impacto de la pesca en 
este grupo de especies a nivel global mediante modelos mixtos, incluyendo el alcance de 
los efectos por océano, por grupos taxonómicos y especies con diferentes historias de 
vida. ¿Ha disminuido la biomasa de los túnidos un 90% globalmente en el último medio 
siglo? y ¿Cuál es el estado actual de explotación de los escómbridos a nivel mundial? Se 
examina el estado de explotación actual en las poblaciones de escómbridos y se discute 
las implicaciones para la sostenibilidad a largo plazo en este grupo de especies. 
En el Capítulo 3 se sintetiza toda la información biológica recopilada sobre la historia de 
vida de los escómbridos y se realiza una evaluación crítica para identificar donde existen 
carencias y falta de datos biológicos para las 51 especies de escómbridos. ¿Existen 
carencias críticas en el conocimiento de la biología de las especies que dificultan su 
gestión y conservación? Se hacen recomendaciones para priorizar esfuerzos y centrar los 
estudios biológicos para las especies que más lo necesitan.  
En el Capítulo 4 se examinan los patrones principales de covarianza en los parámetros 
biológicos que describen las historias de vida de los escómbridos, con el objetivo de 
identificar y describir sus estrategias de vida. ¿Podemos simplificar la diversidad en las 
historias de vida y la variación existente en los parámetros biológicos de los escómbridos 
a un número reducido de estrategias vitales?  
En el Capítulo 5 se utilizan los conocimientos obtenidos en los Capítulos 2, 3 y 4, para 
desarrollar varias hipótesis y así analizar el efecto de las historias de vida y de la presión 
pesquera en las trayectorias de biomasa de las poblaciones de escómbridos y su estado 
actual de explotación. ¿Qué especies de escómbridos son más vulnerables a la 
sobrepesca? ¿Podemos diagnosticar qué especies son más vulnerables a la sobrepesca 
basándonos en los parámetros biológicos que describen sus estrategias de vida? En este 
capítulo se pretende potenciar nuestra capacidad de predicción para identificar a priori 
qué especies son más vulnerables a la pesca. 
 
 
Spanish summary 
 
246 
Capítulo 2:  Trayectorias globales de las poblaciones de atunes y 
especies afines 
Las especies de escómbridos sostienen una de las pesquerías más importantes y 
valiosas del mundo. Durante la última década la magnitud y la escala de los impactos de 
la pesca sobre estas especies se ha debatido intensamente dando lugar a opiniones 
divergentes. En este estudio se lleva a cabo un meta-análisis global de las tendencias en 
biomasa en 26 poblaciones de escómbridos (atunes y caballas). Este análisis proporciona 
una imagen global de los impactos de la pesca en la biomasa de escómbridos en los 
últimos 50 años, y resume el estado actual de explotación en este grupo de especies. Así, 
este estudio resuelve un largo debate de más de una década sobre el estado de 
explotación de los atunes a nivel mundial desde el punto de vista de gestión pesquera. 
Globalmente, las poblaciones de escómbridos han disminuido un 60%, en promedio, 
durante el último medio siglo. La disminución de la biomasa total de adultos es menor 
(52%), ya que está mitigada por las poblaciones más abundantes y mejor gestionadas. 
Por lo tanto, este estudio revela que los descensos en biomasa en las poblaciones de 
atunes a nivel mundial no son tan alarmantes como se pensaba anteriormente. Sin 
embargo, el estudio muestra que las poblaciones de atunes y caballas de aguas 
templadas han experimentado los mayores descensos en biomasa en el último medio 
siglo, y estas poblaciones, en su mayoría, están actualmente sobreexplotadas y bajo 
planes de recuperación. Además, el estudio también revela que los objetivos de 
ordenación pesquera para lograr un rendimiento máximo sostenible de los recursos se 
han cumplido en gran medida para la mayoría de las poblaciones de escómbridos: 
actualmente la mayoría de las poblaciones están plenamente explotadas a nivel mundial. 
Esto significa que hay pocas oportunidades para aumentar las capturas en estas 
pesquerías sin poner en peligro la sostenibilidad a largo plazo de estas especies y sus 
pesquerías. 
Este estudio resalta tres cuestiones que hay que abordar con urgencia: (1) la 
productividad en las poblaciones de atunes está disminuyendo, ya que el actual 
rendimiento máximo sostenible de las poblaciones es más bajo que hace unas décadas 
(Allen 2010); (2) la demanda actual de atún y la capacidad de pesca en las pesquerías de 
túnidos son cada vez mayores a nivel mundial, en un contexto donde ya existe una flota 
sobredimensionada y un aumento sostenible en las capturas es muy limitado (Aranda et 
al. 2010, De Bruyn et al. 2013); y (3) el impacto directo e indirecto de las pesquerías de 
escómbridos sobre los ecosistemas marinos y otras especies menos productivas, como 
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son las especies de tiburones, necesitan ser mejor cuantificados (Dulvy et al. 2008, Baum 
and Worm 2009, Gerrodette et al. 2012, Hunsicker 2012). Además, se proponen dos 
soluciones que podrían aliviar algunos de los problemas que están poniendo en peligro la 
sostenibilidad de las pesquerías de escómbridos a largo plazo: (1) la aplicación efectiva 
de los puntos de referencia biológicos con un enfoque precautorio por las Organizaciones 
Regionales de Ordenación Pesquera del atún (OROPs); y (2) el desarrollo de planes de 
recuperación rigurosos y su ejecución para recuperar a las poblaciones sobreexplotadas 
de escómbridos a niveles de biomasas saludables determinados por los puntos de 
referencia precautorios. La aplicación de los puntos de referencia precautorios y planes 
de recuperación requerirían de una reducción en el esfuerzo pesquero a nivel global, y de 
un sistema más estricto y eficaz de control de pesca. Hay muchos beneficios en juego. 
Asegurar que las poblaciones de escómbridos que se encuentran actualmente 
plenamente explotadas permanezcan bien gestionadas, y recuperar las poblaciones 
sobreexplotadas a niveles saludables, no sólo aseguraría los beneficios económicos y 
sociales que estas pesquerías ya producen, sino que también se podría aumentar la 
rentabilidad de estas pesquerías a largo plazo (Sumaila et al. 2012). 
 
Capítulo 3: Determinación de prioridades en estudios biológicos en 
atunes y especies afines: implicaciones para su gestión y 
conservación  
Para poder desarrollar evaluaciones de gestión y estrategias efectivas de conservación 
es vital tener un conocimiento preciso de los parámetros biológicos que describen los 
procesos de crecimiento y reproducción de las especies explotadas. Este estudio sintetiza 
los datos biológicos disponibles para las 51 especies de escómbridos a nivel global, 
identifica las principales carencias en información que actualmente están dificultando la 
gestión y conservación de estas especies, y establece prioridades en investigación. Las 
prioridades en investigación y futuros estudios biológicos para cada una de las especies 
de escómbridos se establecen siguiendo el siguiente criterio: (1) las carencias en 
información biológica específicas de cada especie, (2) la importancia de sus pesquerías, 
y (3) el estado de conservación establecido por la Lista Roja de Especies Amenazadas de 
la Unión Internacional para la Conservación de la Naturaleza (UICN). Esta síntesis revela 
que los patrones de crecimiento y la biología reproductiva han sido relativamente bien 
estudiados en el grupo taxonómico de los atunes y caballas, y poco estudiados en las 
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especies de petos y bonitos, aunque hay excepciones notables en todos los grupos 
taxonómicos. El estudio también muestra que la biología reproductiva de las especies, en 
particular las estimas de fecundidad, es el aspecto biológico menos estudiado en las 
especies de escómbridos. Esta síntesis urge a centrar esfuerzos, recursos y nuevos 
estudios biológicos en las especies de escómbridos costeras, especialmente las especies 
de petos, bonitos y pequeños túnidos. Las especies costeras de escómbridos, a pesar de 
tener unos valores económicos bajos en los mercados mundiales en comparación con las 
especies de grandes atunes, sostienen pesquerías muy diversas y son una importante 
fuente de riqueza y seguridad alimentaria para muchas comunidades pesqueras en 
muchos países. Es muy probable que las pesquerías de escómbridos y la demanda 
mundial de estas especies continúe creciendo en el futuro, en un contexto donde los 
recursos económicos para llevar a cabo estudios biológicos son muy limitados. Por lo 
tanto, esta síntesis trata de identificar y resaltar donde existen las mayores carencias en 
conocimiento y establecer prioridades para las especies que más lo necesitan. Este 
estudio pretende servir como guía para los biólogos y gestores pesqueros interesados en 
la biología, ecología y gestión de las especies de escómbridos. 
 
Capítulo 4: La vida en 3-D: estrategias de vida en atunes, caballas y 
bonitos 
Las especies de escómbridos muestran características muy diversas en los componentes 
de sus historias de vida, como son la edad y tamaño de reproducción, fecundidad, 
crecimiento y longevidad. ¿Podemos simplificar esta diversidad en las historias de vida a 
un número reducido de estrategias vitales? Una evaluación de los patrones de covarianza 
entre los componentes de las historias de vida en las especies de escómbridos revela 
que la mayor parte de la variación en los parámetros biológicos puede ser explicada con 
tres ejes o dimensiones. El tamaño máximo corporal de las especies, junto con otros 
parámetros correlacionados con el tamaño máximo, como son el tamaño de madurez o 
fecundidad, gobiernan el primer eje de historias de vida. Este primer eje ordena a las 
especies a lo largo de un continuo de tamaños, de la más pequeña a la más grande. El 
tamaño máximo de los escómbridos varía desde 31 cm en la caballa tropical (Rastrelliger 
faughni) a 372 cm en el atún rojo del Atlántico (Thunnus thynnus). Los parámetros 
biológicos con unidades de medida de tiempo, tales como la longevidad, edad de 
madurez y las tasas de crecimiento, gobiernan el segundo eje, ordenando a las especies 
en un continuo lento-rápido. El continuo lento-rápido ordena a las especies desde la 
   Appendices 
 
249 
especie con el ciclo de vida más rápido a la especie con el ciclo de vida más lento. Las 
especies de escómbridos con ciclos de vida lentos son más longevas y tienen tasas de 
crecimiento más lentas dado su tamaño máximo corporal; y las especies con ciclos de 
vida rápidos son menos longevas, y tienen tasas de crecimiento más rápido dado su 
tamaño máximo corporal. Las especies tropicales de escómbridos, con independencia de 
su tamaño corporal máximo, como caballa tropical (Rastrelliger faughni) y el atún aleta 
amarilla (Thunnus albacares), tienen un ciclo de vida rápido, mientras que las especies de 
clima templado, con independencia de su tamaño, como la caballa del Atlántico (Scomber 
scombrus) y el atún rojo del Sur (Thunnus maccoyii), tienen los ciclos de vida más lentos 
de todas las especies de escómbridos. Los parámetros biológicos relacionados con la 
fecundidad, tales como la estima de fecundidad en el tamaño de madurez de la especie y 
la velocidad de cambio de la fecundidad a medida que la especies aumentan en tamaño, 
gobiernan el tercer eje. Existen estudios en otras especies de peces y otros grupos 
taxonómicos como las aves, reptiles y mamíferos, que demuestran la existencia de los 
dos primeros ejes de variación en las historias de vida (Gaillard et al. 1989, Saether et al. 
2002, Bielby et al. 2007). Sin embargo, el significado y la existencia del tercer eje varía 
entre grupos taxonómicos. Esto hace que una interpretación general del tercer eje para 
todos los organismos sea difícil (Rochet et al. 2000, Dobson 2007). 
Por último, estudios comparativos de historias de vida en peces muestran tres tipos de 
estrategias genéricas en peces (1) Estrategia Oportunista; (2) Estrategia Periódica; y (3) 
Estrategia en Equilibrio. Estas estrategias describen un modelo triangular de historia de 
vida en peces (Winemiller and Rose 1992). Los escómbridos muestran rasgos y 
características biológicas en sus historias de vida típicas de especies entre la estrategia 
Oportunista y estrategia Periódica. Las caballas tropicales (Rastrelliger spp.) son el mejor 
ejemplo de especies con una estrategia Oportunista, y los atunes rojos de aguas 
templadas (Thunnus thunnus, T. maccoyii y T. orientalis) son el mejor ejemplo de 
especies con una estrategia Periódica. Los componentes de las historias de vida de las 
especies son los principales determinantes de su dinámica poblacional y de las tasas de 
explotación que pueden tolerar (Adams 1980). En situaciones donde las especies están 
sujetas a tasas de explotación pesquera elevadas y se desconoce su estado de 
explotación, el conocimiento de sus historias de vida y sus estrategias de vida pueden 
proporcionar una punto de partida a la hora de diseñar y apoyar planes de gestión y 
conservación efectivos (King and McFarlane 2003). 
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Capítulo 5: La velocidad de la vida y el declive en atunes y especies 
afines 
¿Podemos diagnosticar qué especies de escómbridos son más vulnerables a la pesca 
basándonos en sus historias de vida? El Capítulo 5 examina el efecto de las historias de 
vida y de la presión pesquera en las trayectorias de biomasa de las poblaciones de 
escómbridos y su estado actual de explotación. Las poblaciones de escómbridos con 
historias de vida más lentas (con tasas de crecimiento lentas y longevidades altas), 
principalmente distribuidas en climas templados, han experimentado los mayores 
descensos en biomasa y tienen una mayor probabilidad de ser objeto de sobrepesca, 
incluso después de controlar las distintas tasas de mortalidad por pesca experimentadas 
por cada población durante su historia de explotación. La parámetros biológicos  con 
unidades de medida de tiempo - la tasa de crecimiento y la longevidad - son los mejores 
indicadores de la vulnerabilidad de las especies de escómbridos a la pesca. Este estudio 
sugiere que los escómbridos de aguas templadas, como es el atún rojo del Atlántico 
(Thunnus thynnus) y la caballa del Atlántico (Scomber scombrus), son más sensibles a la 
explotación pesquera. La especies tropicales y templadas difieren en sus estrategias de 
vida en muchos aspectos, por lo tanto, estas diferencias deberían ser tomadas más en 
cuenta en los actuales planes de gestión de estas especies. Los escómbridos de aguas 
templadas son más longevos, por lo tanto, han desarrollado estructuras de edad que son 
esenciales para soportar largos períodos de bajo nivel de reclutamiento durante 
condiciones ambientales desfavorables (Beamish et al. 2006, Rouyer et al. 2011). Sin 
embargo, los actuales planes de gestión todavía no están diseñados para proteger las 
estructuras de edad en las poblaciones, sobre todo en las especies muy longevas 
(Longhurst 2002). Una de las motivaciones principales en este estudio es avanzar nuestra 
capacidad para identificar a priori las características de las especies que las hacen más 
vulnerables a la sobrepesca, creando métodos para diagnosticar especies sensibles a la 
pesca en situaciones con escasez de datos (Jennings et al. 1998, Jennings et al. 1999c, 
Reynolds 2003, Reynolds et al. 2005). Entre todos los parámetros biológicos estudiados, 
recomendamos usar los parámetros biológicos de crecimiento y longevidad, y no el 
tamaño máximo de las especies como se recomienda habitualmente, para clasificar a las 
especies de acuerdo a su sensibilidad a la pesca y usar esta información para planificar 
estrategias eficaces de conservación y gestión en situaciones de escasez de datos. 
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Conclusiones 
Nuestra sociedad se enfrenta a la disyuntiva de explotar los recursos marinos, fuente de 
proteínas, empleo y seguridad, y al mismo tiempo, conservarlos y gestionarlos de manera 
sostenible. Una gestión pesquera basada en los ecosistemas facilita y equilibra este gran 
desafío. Sin embargo, esto requiere que la toma de decisiones estén basadas en la mejor 
información científica para lograr los mejores resultados posibles. Esta tesis aporta 
nuevos conocimientos sobre los impactos globales de la pesca en las especies de 
escómbridos, que incluye 51 especies de atunes, petos, bonitos y caballas, y avanza en 
nuestra capacidad para identificar a priori las características de las especies que las 
hacen más vulnerables a la sobrepesca.  
En primer lugar, un meta-análisis global de las tendencias de la biomasa de adultos, 
muestra que las poblaciones de escómbridos han disminuido, en promedio, un 60% 
durante el último medio siglo. La disminución de la biomasa total de adultos es menor 
(52%), ya que está mitigada por las poblaciones más abundantes y mejor gestionadas. 
También, este estudio muestra que la mayoría de las poblaciones de escómbridos están 
plenamente explotadas. Esto significa que hay pocas oportunidades a corto plazo para 
aumentar las capturas de estas pesquerías. En segundo lugar, se identifican carencias y 
falta de datos biológicos para las 51 especies de escómbridos y se establecen prioridades 
para dirigir esfuerzos en investigación para las especies que más lo necesitan. Esta 
síntesis urge a centrar esfuerzos, recursos y nuevos estudios biológicos para las especies 
de escómbridos con distribuciones costeras, especialmente las especies de petos, 
bonitos y pequeños túnidos. En tercer lugar, se examina la diversidad de las historias de 
vida en los escómbridos, y se muestra que la mayor parte de la variación se puede 
simplificar en tres dimensiones (gobernadas por el tamaño máximo corporal, la velocidad 
de la vida y el calendario reproductivo). Por último, esta tesis proporciona información 
acerca de la biología de la vulnerabilidad en especies de escómbridos con el objetivo de 
avanzar en la identificación a priori de especies vulnerables a la pesca. Las poblaciones 
de escómbridos con historias de vida más lentas (con tasas de crecimiento lentas y 
longevidades altas), que se encuentran principalmente en climas templados, han 
experimentado los mayores descensos en biomasa, y tienen una mayor probabilidad de 
ser objeto de sobrepesca, incluso después de controlar las tasas de mortalidad por pesca 
experimentadas por cada población durante su historia de explotación. Los parámetros 
biológicos- la tasa de crecimiento y la longevidad - son los mejores indicadores de la 
vulnerabilidad de las especies a la pesca. Por lo tanto, se recomienda su utilización para 
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identificar y clasificar a las especies de acuerdo con su grado de sensibilidad a la 
explotación pesquera, con el fin de planificar estrategias de conservación eficaces en 
situaciones de escasez de datos. Esta tesis considera a los escómbridos como un caso 
de estudio para resaltar la importancia de las distintas estrategias de vida de las especies 
a la hora de planificar estrategias de conservación y gestión.  
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here is growing concern that in spite 
of the healthy status of several epi-
pelagic (living near the surface) fi sh 
stocks ( 1), some scombrid (tunas, bonitos, 
mackerels, and Spanish mackerels) and 
billfi sh (swordfi sh and marlins) species are 
heavily overfi shed and that there is a lack of 
resolve to protect against overexploitation 
driven by high prices ( 2– 5). Many popula-
tions are exploited by multinational fi sheries 
whose regulation, from a political perspec-
tive, is exceedingly diffi cult. Thus, assess-
ment and management is complicated and 
sometimes ineffective ( 4). Regional Fisher-
ies Management Organizations (RFMOs) 
were created to manage and conserve scom-
brids and billfi shes because of their trans-
national distributions and widespread eco-
nomic importance ( 6). However, species-
specifi c catch data for many scombrids and 
billfi shes are not collected or are aggregated 
with other species. Even for the larger tunas, 
for which relatively rich data exist, popula-
tion assessments and data are complex ( 1) 
and are diffi cult to combine across RFMOs, 
which prompts a need for alternative means 
of assessment.
We present here the fi rst standardized data 
on the global distribution, abundance, pop-
ulation trends, and impact of major threats 
for all known species of scombrids and bill-
fi shes [see supporting online material (SOM) 
for details]. We used International Union for 
the Conservation of Nature (IUCN) Red List 
criteria, which focus on global threats to a 
species but have not previously been used for 
a commercially important group of marine 
organisms. This required synthesis of global 
data from numerous fi sheries reports and sci-
entifi c publications.
Our study is more optimistic than a pre-
vious, fundamentally different study using 
separate population data of 16 of the same 
species ( 2), as we show only fi ve of those 
species meet the threshold for a threatened 
category. However, most of the long-lived, 
economically valuable species are consid-
ered threatened (see the fi gure) . As these 
large-bodied scombrids and billfi shes are at 
the top of the pelagic food web ( 7), popula-
tion reduction of these predators may have 
signifi cant effects on the upper trophic lev-
els of the epipelagic ecosystem ( 2) and lead 
to cascading effects on lower trophic levels. 
Hence, there is an urgent need to establish 
the conservation status of this economically 
important group of species. 
Red List Criteria Reveal Threats
The IUCN Red List Criteria provide a trans-
parent, standardized, peer-reviewed means 
of global conservation status assessment 
( 8). Red List assessments of fi sheries spe-
cies rely heavily on fi sheries stock assess-
ments, which provide reliable abundance 
data, and participation of scientists famil-
iar with fishery management procedures 
and stock assessments. The IUCN criteria to 
determine population status are based on a 
risk-assessment theory that is different from 
standard fi sheries assessments and include 
metrics based on the symptoms of popula-
tion decline such as range size and threats 
other than fishery pressure ( 8). Red List 
assessments differ from the objectives of 
fi sheries management in focusing on global 
threats to a species rather than management 
of a particular stock of the species.
Of the 61 scombrid and billfi sh species 
assessed, 11 (18%) lacked adequate data 
and were classified as Data Deficient by 
IUCN criteria, 39 (64%) were Least Con-
cern, four (7%) were Near Threatened, and 
seven (11%) met the threshold for a threat-
ened category (Critically Endangered, 
Endangered, or Vulnerable) ( 9,  10). Five of 
the seven threatened species are tuna and 
billfi shes: southern bluefi n (Thunnus mac-
coyii, Critically Endangered, SBF on the 
chart); Atlantic bluefi n (T. thynnus, Endan-
gered, ABF); bigeye tuna (T. obesus, Vul-
nerable, BET); blue marlin (Makaira nigri-
cans, Vulnerable, BUM); and white marlin 
(Kajikia albida, Vulnerable, WHM). All 
have relatively long generation lengths (e.g., 
greater than 4.7 years) and high economic 
value worldwide (see the chart). Genera-
tion length, the average age of reproducing 
individuals, is a measure of reproductive 
turnover and is longer for those species that 
are longer-lived and later to mature. Spe-
cies with longer generation lengths would 
be expected to take longer to recover from 
population declines ( 11). Compared with 
most IUCN-assessed marine bony fi shes, 
the proportion of threatened species among 
scombrids and billfi shes is high, similar to 
other valuable and long-lived species such 
as marine mammals, marine turtles, sharks, 
and rays (SOM).
All three bluefi n tuna species (southern 
bluefi n, Thunnus maccoyii; Atlantic blue-
fi n, T. thynnus; and Pacifi c bluefi n, T. ori-
entalis) are highly valued, long-lived, and 
large-bodied marine fi shes, with geograph-
ically restricted spawning sites, as well as 
relatively short spawning periods of 1 or 
2 months, all of which make them suscep-
tible to collapse under continued exces-
sive fi shing pressure ( 12). Southern bluefi n 
has already essentially crashed (its current 
adult biomass is about 5% of its estimated 
virgin biomass), a trend that is similar to 
the western Atlantic bluefi n, whose popula-
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tion was greatly reduced 
in the 1970s, with lit-
tle sign that the popula-
tion is rebuilding. Per 
kilogram, bluefin spe-
cies are among the most 
expensive fresh seafood 
in the world and can 
reach extreme values in 
global markets. Their 
high value makes them 
likely to be exploited far 
beyond the maximum 
sustainable yield (MSY, 
the largest catch that can 
be taken from a species’ 
stock over an indefi nite 
period), and in danger of 
an anthropogenic Allee 
effect (low population 
densities lead to reduc-
tion of reproductive suc-
cess and increased pos-
sibility of collapse) ( 13).
The two other threat-
ened species are Span-
ish mackerels, which in 
contrast to the threat-
ened tuna and billf ish 
have relatively short 
generation lengths and 
low global average mar-
ket values. Yet Austra-
lian spotted mackerel 
(Scomberomorus mun-
roi, Vulnerable) is highly 
valued locally and is estimated to have rap-
idly declined over the past 10 to 15 years 
in waters off eastern Australia (see SOM). 
Monterey Spanish mackerel (Scomb-
eromorus concolor) has disappeared from 
~80% of its historical range (Monterey, Cal-
ifornia, to southern Baja, Mexico) and is 
considered Vulnerable  on the basis of con-
tinued fi shing pressure within its restricted 
range in the upper Gulf of California.
Although swordf ish (Xiphias glad-
ius, SWO on the chart) and Pacifi c bluefi n 
(Thunnus orientalis, PBT) are among the 
more highly valued species assessed, they 
are listed as Least Concern. The swordfi sh is 
considered well managed in nearly all parts 
of its range ( 14). However, the only popu-
lation assessment available for Pacifi c blue-
fi n is highly uncertain, and decreasing mean 
age may indicate that the population may not 
be as healthy as portrayed ( 15).
Successes
There are examples of successful manage-
ment and recovery of scombrids and bill-
fi shes. Although the highly valued eastern 
population of Atlantic bluefi n was recently 
exploited at three times the MSY, reduction 
of the total allowable catch, divided among 
country-specifi c quotas, and stricter moni-
toring and compliance measures have led to 
recent catch reductions of almost 75% over 
the past few years ( 14). The North Atlan-
tic swordfi sh ( 14) and four populations of 
Spanish mackerels off the southeastern 
United States have also been rebuilt after 
years of overfi shing.
The future of threatened scombrids and 
billfi shes rests in the ability of RFMOs and 
fi shing nations to properly manage these 
species. Southern and Atlantic bluefi n pop-
ulations have been so reduced that the most 
expeditious way to rebuild abundances and 
avoid collapse with great certainty is to shut 
down the fi shery until stocks are rebuilt to 
healthy levels. This would cause substan-
tial economic hardship and hinder the abil-
ity of RFMOs to control fi shing because of 
the increased incentive for illegal fi shing 
that would be created. Strong deterrents 
to illegal fi shing are needed, such as con-
trolled international trade through a listing 
on the Convention on International Trade 
in Endangered Species of Wild Fauna and 
Flora (CITES), although such a listing 
would not be a substitute for effective man-
agement by the RFMOs ( 3,  16). Reduc-
ing fi shing-induced mortality rates to well 
below MSY, to allow for uncertainties in 
the stock assessments, should allow recov-
ery to begin. These IUCN Red List assess-
ments, together with lessons learned from 
past failures and successes, should help 
RFMOs improve their management of 
some of the world’s most valuable fi shery 
resources. 
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1. Introduction 
 
1.1 IUCN Tuna and Billfish Specialist Group 
 
Under the IUCN Species Survival Commission (SSC), the Tuna and Billfish Specialist Group 
(TBSG) was created in 2009 and is currently chaired by Dr. Bruce B. Collette. SSC Specialist 
Groups are networks of experts on specific taxa who volunteer their time and expertise to 
produce and disseminate scientific information for the effective delivery of biodiversity 
conservation. As many of the worldks marine fishes are considered to be affected by a number of 
anthropogenic impacts, including overfishing, destructive fishing practices, pollution, invasive 
species, and disease (1, 2), one of the first tasks of the newly formed TBSG was to evaluate the 
population and conservation status of all known species of scombrids, which include the tunas, 
bonitos, Spanish mackerels and mackerels (Scombridae), and billfishes (Istiophoridae and 
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Xiphiidae) under the IUCN Red List Categories and Criteria. Prior to the formation of the TBSG 
and the results presented here, IUCN Red List assessments were only available for six scombrid 
and billfish species, all of which were made in 1996 and were severely outdated and lacked 
comprehensive data. 
 
1.2 Global Marine Species Assessment 
 
IUCN Red List scombrid and billfish species assessments were conducted under the guidance of 
the Global Marine Species Assessment (GMSA), a joint initiative of the IUCN Species Survival 
CommissionnSpecies Programme and Conservation International, based at Old Dominion 
University, in Norfolk, VA. Created in 2005, the GMSA is tasked with assessing the extinction 
risk of 20,000 marine species in complete taxonomic groups for inclusion on the IUCN Red List 
of Threatened Species (http://sci.odu.edu/gmsa/). Priority species groups for assessment include 
all of the worldks known marine vertebrates; primary habitat producers such as corals, seagrasses 
and mangroves; and selected invertebrates of families of crustaceans, echinoderms, and 
molluscs. The GMSA directly assists IUCN Species Specialist Groups that are focused on 
marine taxa with the Red Listing process, including the IUCN Tuna and Billfish Specialist 
Group. Assessments are ongoing, and almost 10,000 species have been assessed under the 
guidance of the GMSA for the IUCN Red List of Threatened Species as of 2010.  
 
1.3 Biology and Physiology of Scombrids and Billfishes 
 
Scombrids and billfishes are distributed throughout the worldks oceans, primarily occupying a 
variety of epipelagic coastal and oceanic tropical and temperate marine habitats. They are highly 
evolved fishes, with superlative adaptations to the epipelagic environment. The fusiform body 
shape, anterior corselet, finlets following the dorsal and anal fins, and the keel on the caudal 
peduncle all help to make scombrids among the fastest swimming fishes. In addition, the higher 
tunas (tribe Thunnini, Fig. S1) have a counter-current heat-exchanger system that allows the heat of 
muscular contraction to stay in the body of the fish rather than being dissipated at the gills in oxygen 
exchange, as happens in almost all other fishes (3). Having a warm stomach speeds digestion so that 
scombrids can process food much faster than other fishes. Billfishes (suborder Xiphioidei) have a 
rounded bill (marlins and spearfishes, Istiophoridae) or a dorso-ventrally flattened bill (swordfish, 
Xiphiidae) that may be involved in high-speed swimming but is also used to immobilize their prey. 
Supreme adaptation to epipelagic predation has consequences, as scombrids and billfishes are also 
highly desirable to humans as top predators. 
 
Scombrid and billfish species exhibit a great diversity in life history and ecological traits. The 
largest billfish species, the Blue Marlin (Makaira nigricans), and largest scombrid species, the 
Atlantic Bluefin (Thunnus thynnus), can grow to more than 4 meters long. By contrast, the 
smallest scombrid species, the Indian Mackerel (Rastrelliger faughni), only grows to a maximum 
of 31 cm (4). Body size is strongly related to other important biological processes and, therefore, 
other life history traits, such as the speciesk length at first maturity, longevity, and growth rate. 
These traits also vary greatly across species. Among the scombrids, longevity ranges from just 1 
year in the Short Mackerel (Rastrelliger brachysoma) to about 40 years in the Southern Bluefin 
(Thunnus maccoyii) (5, 6). Spawning patterns are also diverse and complex. Some tropical 
species such as Skipjack (Katsuwonus pelamis) spawn continuously all year throughout vast 
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areas of tropical and subtropical oceans. Some of the more temperate scombrids, such as the 
Bluefins undertake annual long migrations to spawn in specific areas at only certain times of the 
year (7). The majority of species form large schools, but some species, such as Wahoo 
(Acanthocybium solandri), are frequently solitary or may form small and loose aggregations.  
 
2. Methods 
 
2.1 Summary of IUCN Red List Process 
 
The IUCN Red List Categories and Criteria (8) were applied to 61 species in the families 
Scombridae (tunas, bonitos, Spanish mackerels, and mackerels); Istiophoridae (billfishes); and 
Xiphiidae (swordfish). To conduct the assessments, species-specific data were compiled and 
reviewed in collaboration with regional and international scientists. Review of data and 
application of Red List criteria to each species was conducted at three regional workshops, 
covering the Eastern Pacific, Indo-Pacific and Atlantic populations and species, and at a final 
synthesis workshop. The resulting assessments were externally reviewed by additional experts, 
and accurate application of the IUCN Red List criteria was reviewed by IUCN Species 
Programme Red List Officers. All data, data sources, and complete results will be freely and 
publically available within each species Red List account on the IUCN Red List of Threatened 
Species (www.iucnredlist.org) when they are officially published on the next website update in 
November 2011. Until then, draft accounts are available on the GMSA website 
(http://www.sci.odu.edu/gmsa/). 
 
2.2 Data compilation for IUCN Red List Assessments 
 
Data on each species taxonomy, distribution, population status and trends, habitat, ecology, life 
history, major threats, and conservation measures were compiled from available literature and stock 
assessments, and from experts and members of the TBSG. Digital maps of each species distribution 
were created with GIS.  
 
Direct comparisons of stock assessments with Red List assessments often show a similar degree of 
accuracy in reflecting predictability of adverse effects of fishing practices (9). Evaluation of stock 
status from fisheries stock assessments typically correspond closely with Red List Assessment 
Categories (e.g., qNot Known,r qModerately Exploited and Fully Exploited,r qOverexploited,r and 
qDepletedr are similar to qData Deficient,r qLeast Concern,r qNear-Threatened,r and qVulnerabler 
in Red List categories (10). However, Red List assessments were not based on fisheries stock 
assessment status categories. Instead, species and population specific datasincluding catch 
landings, catch-per-unit effort (CPUE) information and when available, estimates of total biomass 
or adult biomassswere extracted from publically available stock assessments.  
 
2.3 Red List Assessment Process 
 
In collaboration with the TBSG, the GSMA conducted 4 IUCN Red List Workshops to assess the 
worldks scombrid and billfish species: one to assess Eastern Tropical Pacific populations and 
species held in collaboration with Instituto del Mar del Peru in Lima, Peru, in September 2008; a 
second to assess Indo-West Pacific populations and species held in collaboration with Academia 
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Sinica in Taipei, Taiwan, in December 2009; a third to assess Atlantic populations and species 
held in collaboration with Instituto Chico Mendes de Conservação da Biodiversidade in Brasilia, 
Brazil, in September 2010; and a fourth to synthesize results for circumglobal species held in 
collaboration with the International Seafood Sustainability Foundation and the International Fish 
and Game Association in Fort Lauderdale, Florida, in February 2011.  
 
Together, these IUCN Red List Workshops brought together more than 45 of the worldks 
scombrid and billfish experts, including fisheries scientists, biologists, and taxonomists (Table 
S1), to review and synthesize regional and global data on each species, to apply the criteria of the 
IUCN Red List of Threatened Species, and to assign each species an IUCN Red List category. 
Species information and final Red List assessment accounts were then sent to additional experts 
who were not at the workshops to review the assessments. Technical application of the criteria 
was checked by IUCN Species Programme Red List staff. This methodology ensures a 
standardized, transparent, and peer-reviewed process to determine the global population and 
conservation status of each species. 
 
2.4 IUCN Red List Criteria 
 
The IUCN Red List Categories and Criteria are the most widely accepted system for classifying 
extinction risk at the species level (11n14). The IUCN Red List categories comprise eight 
different levels of extinction risk: Extinct (EX), Extinct in the Wild (EW), Critically Endangered 
(CR), Endangered (EN), Vulnerable (VU), Near Threatened (NT), Least Concern (LC), and Data 
Deficient (DD). A species qualifies for one of the three threatened categories (CR, EN, or VU) 
by meeting a quantitative threshold for that category in one of the five different available criteria 
(A to E). A category of Near Threatened is assigned to species that come close to, but do not 
fully meet all the thresholds or conditions required for a threatened category under criterion A, 
B, C, D, or E. A category of Least Concern is assigned when there are no known threats to a 
species, or quantification of known threats for a species does not come close to meeting any of 
the threatened category thresholds. A category of Data Deficient is assigned when there is 
insufficient information available to adequately apply the criteria, such as taxonomic uncertainty, 
lack of key biological information, or inability to adequately quantify the impact of known 
threats. A species listed as Data Deficient may or may not be threatened when appropriate data 
becomes available (15). 
 
The IUCN criteria (A to E) form the real strength of the IUCN Red List, and are designed to be 
transparent, reproducible, and conservatively flexible in the handling of uncertainty (11). The 
criteria are a standardized methodology that can be applied consistently to any species from any 
taxonomic group (16n19). Based on extinction risk theory, (20), each of the five criteria fall 
within one of two paradigms of elevated extinction risk: (i) species with small population sizes 
that are inherently at higher risk of extinction and/or are undergoing decline, and (ii) species with 
widespread or large populations that are declining faster than they are able to recover.  
 
2.5 Application of Criterion A 
 
Given their widespread distributions, all the scombrids and billfishes for which population data 
were available were assessed under criterion A (8). Criterion A measures extinction risk based 
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on exceeding a threshold of population decline over a time frame of a minimum of 10 years or 
three generation lengths (whichever is the longest), a measure of reproductive turnover rate, in 
the recent past. Taxa specific methodology for application of criterion A to species, relies on first 
defining an appropriate generation length for the species group and then determining the best 
proxy or surrogate available to estimate population decline over time (e.g., based on estimates of 
population size from survey samples or from fishery stock assessments, habitat or range loss). 
On the basis of IUCN Red List Assessment Guidelines (15), if a fishery species is determined to 
be effectively managed in at least 90% of its range, then subcriterion A1 is used, which has 
slightly higher thresholds for population decline over three generation lengths to meet the 
conditions for a threatened category (i.e., 50% for Vulnerable, 70% for Endangered, and 90% for 
Critically Endangered). If a fishery species is determined to be not effectively managed over 
more than 10% of its range, then subcriterion A2, A3, or A4 is used, which have lower 
thresholds for population decline over three generation lengths (i.e., 30% for Vulnerable, 50% 
for Endangered, and 80% for Critically Endangered). This distinction of an effectively managed 
fishery is important in order to account for population declines that occur in taxa that are the 
target of fisheries where the objective is to maximize yields (15). Maximum sustainable yield 
(MSY) is the theoretical maximum catch that can on average be taken over time from a 
population, and it is commonly used as a target level of catch by many national and international 
fisheries agencies (21).  
 
To be considered effectively managed and therefore qualify under subcriterion A1, a species 
population (or stock) first needed to have regularly reported catch data, stock assessments 
conducted, and fishery management measures in place to avoid overfishing. Three factors were 
then examined to determine whether sustainable management was being achieved for the 
species, (i) if current biomass estimates were greater or equal to the biomass which would 
provide the MSY (Bcurrent/Bmsy  1), (ii) if current fishing mortality rates were lower or equal to 
the fishing mortality rate which maintains MSY (Fcurrent/Fmsy  1), and (iii) if stock projections 
based on current management indicate that the population biomass will remain stable or increase. 
When all three conditions were met in the majority of the species global range (at least in 90% of 
its range), subcriterion A1 was applied. Those species that did not meet these three conditions 
were deemed not to be sustainably managed and therefore criterion A2 was applied (Fig. S2).  
 
Only one species, Scomberomorus concolor was assessed under criterion A4. Criterion A4 
allows for population reduction to be measured over a window of three generation lengths that 
can include some time in the past and in the near future. S. concolor for example, has 
experienced a more than 80% reduction in range over the past 40 years and is currently restricted 
to the northern Gulf of California (22). With a generation length of just 4 years, the majority of 
this speciesk population decline occurred more than three generation lengths ago (i.e., 12 years 
ago). However, given its current restricted range and ongoing high fishing pressure, this species 
population is now estimated to decline another 40% over the next 10 years (23). Although its 
current range size and population size are smaller, they are not yet small enough to qualify under 
a different criterion (e.g. criterion B, C, or D) (8). If this species population continues to shrink, 
it may indeed qualify for a higher threat category under a different criterion in the near future. 
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2.5.1. Generation Length 
 
Generation length, defined as the average age of the parents of the current cohort (i.e., the 
newborn individuals in a population) (15), can be calculated in a variety of ways for marine 
species. Generation length is best calculated from a life table with appropriate age- and sex-
specific information on survival and fecundity. However, if these data are not available, other 
methods can be used to estimate generation length, such as determination of the time taken for 
most (>50%) individuals to reach maximum reproductive output or estimation of the age at 
which 50% of total reproductive output is achieved. Other approaches require the knowledge of 
several life history traits to estimate a proxy of generation length. For example, generation length 
can be estimated as: (i) adult natural mortality + age of first reproduction, or the age of first 
reproduction + z * length of the reproductive period, where z is usually less than 0.5 depending 
of the survivorship of the species (15). However, it is recognized that there are inherent 
difficulties for calculating generation length, in particular for very long-lived taxa; taxa with age-
related variation in fecundity and mortality; and those with variable reproductive traits under 
different environmental or population stressors, such as overfishing (15, 24, 25). 
 
Age-structured stock assessment models were available for 25 populations (10 species) of 
scombrids (Table S2). For these populations, generation length was calculated as the average 
mean age of the adult population using the time series of abundance for each age class and the 
vector of age of maturity available from stock assessments. In order to create a time series of the 
average mean age of the adult population, each yearks adult age classes were weighted by the 
number of individuals in each age class. We then used an average of the mean age of the adult 
population across all years for the generation length of the population. For some species of 
scombrids, where generation length estimates varied among different populations, declines were 
calculated for each population based on the generation length of that population. 
 
For species and populations for which data on the age structure of the adult population were not 
available, the generation length was calculated as the average age of maturity +z * (length of the 
reproductive period). The length of the reproductive period is the difference between the 
maximum age (Tmax) and the age of maturity (Tm), with z usually <0.5, depending on 
survivorship and the relative fecundity of young versus old individuals in the population (15). As 
the z value for scombrid and billfishes is unknown, it was estimated based on the information 
available for the 25 scombrid populations listed in Table S2. By fitting the equation [GL= Tm + Z 
* (Tmax n Tm)] to the generation length, maximum age, and age of maturity of the 25 known 
scombrid populations, z was estimated by solving the equation by using a nonlinear optimization 
algorithm. The resulting estimate for z was 0.15. Thus, for species for which age-structured data 
were not available, we estimated generation length by applying the equation [GL= Tm + Z * (Tmax 
n Tm)] using the z value of 0.15 and the species respective age of maturity and maximum age. 
For a given species, if several estimates of age of maturity were available, we used an average of 
all the available estimates, and if several estimates of maximum age were available, we used the 
maximum value.  
 
Estimation of generation lengths for billfishes was more challenging because they present unique 
challenges in age determination. In billfishes, otoliths are very small and fragile, which makes 
them difficult to extract and read; and although spines have proven to be more useful for aging 
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billfish, they become more difficult to read as the fish ages (26, 27). As billfish spines grow in 
size, the vascular tissue in the center of the spines obscures the early-formed increments. The 
fish age can be either underestimated, if those early increments are not taken into account, or 
overestimated, depending on the assumption on how many increments were lost (28). Therefore, 
life-history parameters of billfishesssuch as age of maturity, maximum age, size-at-age, and 
growth ratessare considered to be uncertain as they all rely on accurate methods of age 
estimation and validation (29). For this study, generation length estimates for billfishes relied on 
the few estimations of maximum age from tagging studies (maximum age was considered as the 
maximum time of recapture) and on inferred estimates of age of maturity from available life 
history studies for that species or a similar species. All estimates of age at maturity and longevity 
for all scombrid and billfish species, along with appropriate references are reported in each 
speciesk IUCN Red List account (www.iucnredlist.org or http://sci.odu.edu/gmsa/). 
 
2.5.2. Population Decline 
 
Population decline was quantified using the best available data for each species or subpopulation 
(e.g., stock) (Fig. S2). Different abundance indices were used depending on data availability and 
stock assessment methods. Indices of abundance ordered in increasing reliability and preference 
included catch landings, catch per unit effort (CPUE) data, and total biomass and adult biomass 
estimates from stock assessment models. In any stock assessment evaluation, it is common to use 
several models (ranging for example from simple surplus production models to more complex 
age-structured models, each with alternative cases with varying assumptions) to estimate the 
status of a populations and to provide estimates of biomass and fishing mortality rates over time 
and biological reference points. When several stock assessment models and several variations of 
the models (runs) were available, we used the base-case model specified in the stock assessment 
report to extract the estimates of biomass over time. In the absence of a specified base case 
model, usually because all the models had a high degree of uncertainty and poor fits, the 
standardized CPUE time series used in the assessment as an index of abundance were used to 
estimate the population decline. 
 
For species with more than one subpopulation (e.g., stock), population parameters such as adult 
biomass or total biomass were first calculated across the time period of three generation lengths 
for each individual subpopulation and then summed to estimate the total reduction of biomass 
over the given timeframe. This method accounts for the contribution of different subpopulation 
sizes to the global population (15). If the decline pattern of the population parameter of interest 
was either nonlinear or very smooth, with little temporal variability over time, then the first and 
last data points of the time frame examined were used to estimate the species or subpopulation 
decline over time. However, if the data series showed linearity and more variability over time, a 
linear regression was used and then the first and last predicted data points of the regression were 
used.  
 
If the abundance index was not the same for all subpopulations of the same species (for example, 
information on abundance for one subpopulation was based on total biomass while for another 
subpopulation was based on adult biomass or CPUE), percent decline using the available 
abundance index was calculated for each subpopulation, which was then weighted by the current 
MSY for that subpopulation to determine the global population decline for the species. In cases 
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in which MSY was not available for all subpopulations, the maximum historic catch was used to 
weight the contribution of each subpopulation to the global population. This method allowed for 
standardization of the different abundance indices to weight the contribution of each 
subpopulation or stock to the species global population. 
 
2.6 Data Limitations and Data Uncertainty 
 
For some species, there were substantial differences in the estimates of generation lengths among 
subpopulations. In these cases, plausible and realistic range (interval) of generation length was 
used, that is, global population declines were estimated using the minimum and maximum value 
for generation length across all subpopulations, and the declines were calculated for the shortest 
and longest time frames determined by the range in generation length. For all widely distributed 
species (with the exception of Thunnus thynnus and Kajikia albida), the resulting plausible range 
of decline fell within a single Red List category. However, in the case of Thunnus thynnus, 
global declines were estimated to be between 29% and 50% on the basis of a generation length 
of between 7 and 13 years. In this case, the longer generation length was chosen, considering that 
it was likely that this species had a similar generation length over its global range at one point in 
time, and that the longer, preexploitation generation length should be used (15). For Kajikia 
albida, declines ranged from 9 to 37% on the basis of a generation length of between 4.5 and 6.5 
years. The higher range of the decline was chosen on the basis of the precautionary principle as 
this species is well below Bmsy and is not considered to be effectively managed. 
 
Population declines were calculated over a period of three generation lengths extending 
backward from the most recent year of data. Given differences in data availability, and timing of 
stock assessments, the window of time examined was not always the same across subpopulations 
for a given species (however, usually within only a few yearsk difference). In other words, 
declines were calculated by using the generation length appropriate to each stock and by using 
the most recent data available. Although this method led to comparisons being made for 
subpopulations over slightly different time periods, it ensured that the most up-to-date 
information for a given subpopulation was included and that the data used were appropriate for 
the subpopulation being assessed. 
 
2.7 Avoidance of the “Ski Jump” Effect 
 
It is considered optimal by many fishery biologists for a virgin population to be fished down to 
MSY or about 40 to 50% of its original adult biomass (30). It is acknowledged that these targets 
can conflict with other criteria for population assessment [e.g., IUCN, Convention on 
International Trade in Endangered Species of Wild Fauna and Flora (CITES)] (8, 31n33). Others 
have also suggested that the biological reference points related to maximum sustainable yield, Bmsy 
and Fmsy, should be treated as limit reference points rather than target reference points for species 
under Regional Fisheries Management Organization management (34, 35). Regardless, direct 
comparisons of stock assessments with Red List assessments often show a similar degree of 
accuracy in reflecting predictability of adverse effects of fishing practices (9, 10). However, if 
population declines are measured relatively soon after a fishery begins, the resulting ski jump in 
population trend could lead to an evaluation of Critically Endangered or another threatened category 
under Red List criteriaswhen in fact the population may be under a careful management strategy 
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that may drive down the population to perhaps 50% of virgin biomass (B0), and therefore, the 
population might not be under an immediate threat of collapse (33). If the same population has been 
well managed at maximum sustainable yield and has remained relatively stable over time (e.g., three 
generation lengths) although at much lower levels than the virgin population, it will be assessed as 
Least Concern.  
 
However, a population that has been heavily overfished for a long time (longer than three 
generation lengths) and is severely depleted or well below the biomass that would provide Bmsy 
would also be assessed as Least Concern because the rate of decline would be too low to qualify for 
a threatened category under criterion A. The exception would be if the resulting population was so 
small that it could qualify for a threatened category under a different criterion, such as criterion B, 
which has thresholds based on a small range size (e.g., <20,000 km2), or criterion C, which has 
thresholds based on a small population size (e.g., <10,000 mature individuals) (8, 15). In sum, it is 
important to note that all scombrids and billfishes were assessed several decades after the start of 
their respective fisheries (generally in the 1950n1970s), and therefore, the ski jump effect of 
overestimating species risk was not an issue. Rather a discussion on how to more appropriately 
assess species whose populations have been severely depleted for longer than three generation 
lengths has been recommended to the Standards and Petitions Committee of the IUCN Red List of 
Threatened Species. 
 
2.8 Ex-Vessel Price, Generation Length, and Red List Category  
 
Both ex-vessel price values or the value of domestic landings before processing (real price 
corrected for inflation in US$ per ton) and generation length were available for 32 of the 61 
species of scombrids and billfishes (Table S3). Average ex-vessel price values between 1996 and 
2006 for the 32 scombrid and billfish species were extracted from the global ex-vessel fish price 
database (36, 37). In summary, these data were available for 6 of the 11 Data Deficient species, 
18 of the 40 Least Concern species, and all of the threatened and Near Threatened species, 
except for two Vulnerable species: Scomberomorus munroi and Scomberomorus concolor. 
 
 
 
3. Results  
 
3.1 Final Red List Categories and Criteria for Scombrids and Billfishes 
 
Of the 61 species of scombrids and billfishes, 11% (seven species) are in threatened categories: 
one species is Critically Endangered (CR), one species is Endangered (EN) and five species are 
Vulnerable (VU) (Table S4). A total of four species (6%) were listed as Near Threatened (NT), 
and a relatively high number of species (40 or 67%) were listed as Least Concern (LC). Eleven 
species (18%) were categorized as Data Deficient (DD) primarily because data were not 
available to effectively quantify species-specific population trends under IUCN criteria. All 
species data are available within each species account on the IUCN Red List of Threatened 
Species. Additionally, population data used for species assessed as Critically Endangered, 
Endangered, Vulnerable, or Near Threatened are shown by stock in Figure S2. 
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3.2 Comparison of Red List Categories and Criteria for Scombrids and Billfishes to other 
Marine Species Groups on the IUCN Red List of Threatened Species  
 
In general, marine taxa that are slower to reproduce and longer-lived are at higher risk of 
extinction, as populations are slower to recover from repeated impacts that cause significant 
declines (15). Although small, short-lived fishery species that are overfished may be just as 
vulnerable to collapse as fishery species with slower life histories, collapses among long-lived, 
later to mature, and slower-growing fishery species are still more likely (38) because of their low 
productivity and consequently high intrinsic vulnerability to overexploitation. 
 
Other groups that comprise species that are valuable and long-lived and have higher proportions of 
threatened species compared with scombrids and billfish, include marine turtles (39), marine 
mammals (19), and sharks and rays (40) (Fig. S3). Six of the seven species of marine turtles are in 
threatened categories. Their life history characteristics, particularly late sexual maturity and long 
juvenile stage, combined with the many threats from human activities in the sea and on land, 
contribute to their high risk of extinction. Threats to all sea turtle species occur globally and at all 
stages of their life cycle (41). Marine turtles lay their eggs on beaches, which are subject to 
threats such as coastal development and sand mining. The eggs and hatchlings are threatened by 
pollution and predation by introduced predators, such as pigs and dogs, as well as collection by 
humans for consumption and sale.  
 
With almost one-third of the worldks marine mammals in threatened categories, these species are 
threatened by accidental mortality through entanglement in fishing gear, the effects of noise 
pollution from military and seismic sonar, or boat strikes (19, 42). In many regions, marine 
mammals are also affected by habitat loss from coastal development, loss of prey or other food 
sources due to poor fisheries management, and historical or current effects of hunting (39). Two 
marine mammals have already gone extinct in the recent past from relentless hunting and 
exploitation: Stellerks sea cow (Hydrodamalis gigas) and the Caribbean monk seal (Monachus 
tropicalis). 
 
About 17% of the worlds 1043 species of sharks and rays are at elevated risk of extinction 
primarily because of their capture in nets from both targeted and accidental catch. Most shark 
species grow slowly, mature late, produce few young, and have low rates of population increase, 
making them highly vulnerable to depletion with a low capacity for recovery from 
overexploitation (40, 43, 44). Shark fisheries have proliferated around the world during recent 
decades, and millions of sharks are caught each year for their fins which are sold to make the 
Asian delicacy shark fin soup.  
 
With 10% and 20% of scombrids and billfish in threatened categories, these two groups have 
relatively higher proportions of threatened species compared with other marine bony fishes assessed 
to date (Fig. S3). Coastal fishes such as butterflyfishes, angelfishes, wrasses, and parrotfishes all 
have 5% or less of species in threatened categories. This is partly because most of these colorful reef 
species are not heavily exploited for food, and those few that are threatened are often heavily 
exploited and relatively longer-lived (e.g., humphead wrasse) (45). With 12% in threatened 
categories, like scombrids and billfishes, a major threat to groupers is also heavy fishing pressure 
(46). Given their long life span, with some species living up to 40 years or longer (47), and late 
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sexual maturation combined with specializations, such as adult sex change (qprotogynyr) and 
aggregation-spawning, groupers are similar to some scombrid species in that they are very 
vulnerable to fishing pressure and overexploitation (39, 48). 
 
Finally, habitat-building primary producers, such as mangroves, seagrasses, and corals, have 
relatively high levels of species in threat categories (16%, 14%, and 27%, respectively), largely 
because of significant human impacts in the coastal zone (16n18).  
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Table S1. List of participants in IUCN Red List assessment workshops for scombrids and 
billfishes.  
 
Workshopparticipant Affiliation City,state,country
Acero, Arturo Universidad Nacional de Colombia Bogotá, Colombia 
Amorim, Alberto Instituto de Pesca Santos, SP, Brazil 
Boustany, Andre Duke University Durham, NC, USA 
Canales, Cristian  Instituto de Fomento Pesquero  Valparaíso, Chile 
Cardenas, Gladys Insituto del Mar del Peru Lima, Peru 
Carpenter, Kent IUCN/Old Dominion University Norfolk, VA, USA 
Chang, Shui-Kai National Sun Yat-sen Univeristy Kaohsiung, Taiwan 
Chiang, Wei-Chuan 
Fisheries Research Institute/Eastern Marine 
Biology Research Center Taitung, Taiwan 
Chung, Kuo-Nan 
National Museum of Marine Biology and 
Aquarium Taipei, Taiwan 
Collette, Bruce 
NOAA National Marine Fisheries 
Service/Smithsonian Institution Washington, DC, USA 
de Oliveira Leite, Nilamon  
Instituto Chico Mendes de Conservação de 
Biodiversidade  Vitória, ES, Brazil 
Di Natale, Antonio 
International Commission for the Conservation 
of Atlantic Tunas (ICCAT) Genova, Italy 
Diaz Acuña, Erich  Instituto del Mar del Peru Lima, Peru 
Die, David University of Miami Miami, FL, USA 
Elfes, Cristiane IUCN/Conservation International Washington, DC, USA 
Fox, Bill World Wildlife Fund San Diego, CA, USA 
Franco, Milagros Instituto del Mar del Peru Lima, Peru 
Graves, John 
Virginia Institute of Marine Science, College 
of William & Mary 
Gloucester Point, VA, 
USA 
Harrison, Lucy 
IUCN Species Survival Commission/Simon 
Fraser University Burnaby, BC, Canada 
Harwell, Heather IUCN/Old Dominion University Norfolk, VA, USA 
Hazin, Fabio  Universidade Federal Rural de Pernambuco Recife, PE, Brazil 
Hinton, Michael 
Inter-American Tropical Tuna Commission 
(IATTC) La Jolla, CA, USA 
Juan Jorda, Maria Jose Universidad de A Coruña A Coruña, Spain 
Lessa, Rosangela Universidade Federal Rural de Pernambuco Recife, PE, Brazil 
Lucena Fredou, Flavia Universidade Federal Rural de Pernambuco Recife, PE, Brazil 
McManus, Roger 
IUCN Species Survival Commission / Perry 
Institute of Marine Science Washington, DC, USA 
Minte-Vera, Carolina Universidade Estadual de Maringá Maringá, PR, Brazil 
Miyabe, Naozumi 
National Research Institute of Far Seas 
Fisheries Tokyo, Japan 
Montano, Ramon Instituto de la Pesca Quito, Ecuador 
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Nelson, Russell 
Nelson Resources Consulting, Inc./ The 
Billfish Foundation 
Fort Lauderdale, FL, 
USA 
Oxenford, Hazel CERMES, University of the West Indies Cave Hill, Barbados 
Pellón, Jose Instituto del Mar del Peru Lima, Peru 
Peres, Monica Brick 
Instituto Chico Mendes de Conservação de 
Biodiversidade  Brasília, DF, Brazil 
Polidoro, Beth IUCN/Old Dominion University Norfolk, VA, USA 
Pollard, David NSW Fisheries, Australia Sydney, Australia 
Restrepo, Victor 
International Seafood Sustainability 
Foundation McLean, VA, USA 
Schaefer, Kurt 
Inter-American Tropical Tuna Commission 
(IATTC) La Jolla, CA, USA 
Schratwieser, Jason International Game Fish Association Dania Beach, FL, USA 
Serra, Rodolfo Instituto de Fomento Pesquero Valparaiso, Chile 
Shao, Kwang-Tsao Academia Sinica Taipei, Taiwan 
Sun, Chi-Lu National Taiwan University Taipei, Taiwan 
Uozumi, Yuji 
National Research Institute of Far Seas 
Fisheries Tokyo, Japan 
Wang, Shen-Ping National Taiwan Ocean University Keelung, Taiwan 
Wu, Ju-Luen Taiwan Fisheries Research Institute Keelung, Taiwan 
Yanez, Eleuterio Pontificia Universidad Católica de Valparaíso Valparaiso, Chile 
Yeh, Shien-Ya National Taiwan University Taipei, Taiwan 
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Table S2. Generation length (GL), age of maturity (Tm) and maximum age (Tmax) for 25 
populations of scombrids from age-structured stock assessment models.  
 
Population GL (years) 
Tm 
(years) 
Tmax 
(years) Source of stock assessment data 
Thunnus 
alalunga,  
N. Atlantic 
6.8 5 12 
ICCAT (2008) Report of the 2007 ICCAT albacore stock 
assessment session. Collective Volume of Scientific Papers, 
ICCAT 62:697-815. (70) 
Thunnus 
alalunga,  
N. Pacific 
6.3 5 12 
ISC. 2006. Report of the ISC- Albacore Working Group Stock 
Assessment Workshop. National Research Institute of Far Seas 
Fisheries (NRIFSF), 5-7-1 Orido, Shimizu-Ku, Shizuoka-Shi, 
424-8633 Japan. (50) 
Thunnus 
alalunga,  
S. Atlantic 
6.6 5 13 
ICCAT (2008) Report of the 2007 ICCAT albacore stock 
assessment session. Collective Volume of Scientific Papers, 
ICCAT 62:697-815. (71) 
Thunnus 
alalunga,  
S. Pacific 
7.2 6 13 
Hoyle S, Langley A, & Hampton J (2008) Stock assessment of 
albacore tuna in the south Pacific Ocean. Western and Central 
Pacific Fisheries Commission. Port Moresby, Papua New 
Guinea. pp. 126. (57) 
Thunnus obesus, 
Atlantic 4.8 3 9 
ICCAT (2008) Report of the 2007 ICCAT bigeye tuna stock 
assessment session. Collective Volume of Scientific Papers, 
ICCAT 62:97-239. (54) 
Thunnus obesus, 
E. Pacific 4.4 3.5 5 
Aires-da-Silva A & Maunder MN (2008) Status of bigeye tuna 
in the eastern Pacific Ocean in 2007. Inter-American Tropical 
Tuna Commission. Inter-American Tropical Tuna Commission. 
La Jolla, California, United States. (55) 
Thunnus obesus, 
Indian 5.0 3 8 
IOTC (2009) Report of the Eleventh Session of the IOTC 
Working Party on Tropical Tunas. IOTC-2009-WPTT-R[E].60 
pp. (56) 
Thunnus obesus, 
W. Pacific 4.5 4 16 
Langley, A., J. Hampton, P. Kleiber and S. Hoyle . 2008. Stock 
assessment of bigeye tuna in the western and central Pacific 
Ocean, including an analysis of management options. Western 
and Central Pacific Fisheries Commission. Port Moresby, 
Papua New Guinea. (72) 
Thunnus 
thynnus,  
E. Atlantic 
7.3 4 22 ICCAT (2007) Report of the 2006 Atlantic bluefin tuna stock assessment session. Collective Volume of Scientific Papers, 
ICCAT 60:652-880. (73) 
Thunnus 
thynnus, 
W.Atlantic 
9.6 8 32 
ICCAT (2007) Report of the 2006 Atlantic bluefin tuna stock 
assessment session. Collective Volume of Scientific Papers, 
ICCAT 60:652-880. (74) 
Scomberomorus 
cavalla, GOM 4.4 2 24 
Ortiz, M. 2004. Stock Assessment Analysis on Gulf of Mexico 
King Mackerel. SEDAR5- 2004 NMFS SEFSC Miami Lab 
Sustainable Fisheries Division Contribution 2004-004. (75) 
Scomberomorus 
cavalla,  
U.S. Atlantic 
4.8 1 26 
NMFS. 2003. Stock Assessment Analysis on Spanish and King 
Mackerel Stocks. Prepared for the 2003 Mackerel Stock 
Assessment Panel Meeting. Southeast Fisheries Science Center, 
Miami, Florida, United States (76) 
Scomber 
scombrus,  
N.E.Atlantic 
4.4 2 18 
ICES (2007) Report of the working group on the assessment of 
mackerel, horse mackerel, sardine and anchovy (WGMHSA). 
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Scomber 
japonicus, 
Japanese 
3.0 2 12 
Watanabe C, Kawabata A, Suda M, Nishida H, & Honda S 
(2008) Stock Assessment and evaluation for chub mackerel 
Pacific stock (fiscal year 2007), in Marine Fisheries Stock 
Assessments and Evaluations for Japanese Waters (fiscal year 
2007/2008), Fisheries Agency and Fisheries Research Agency 
of Japan, 2008), pp. 123n154. (78). 
Scomber 
japonicus,  
N. E. Pacific 
3.8 3 14 
Dorval E, Hill KT, Lo NCH, & McDaniel JD (2007) Pacific 
mackerel (Scomber japonicus) stock assessment for U.S. 
Management in the 2007-08 fishing season. Pacific Fishery 
Management Council, June 2007 Briefing Book, Agenda Item 
F.2.b, Attachment 1. pp. 253:1-170. (79) 
Scomber 
japonicus, 
Chilean 
4.3 3 9 
Canales CR (2006) Investigación, evaluación de stock y CTP 
Caballa 2005-Informe Final. Instituto de Fomento Pesquero, 
Valparaiso, Chile, pp. 1-40. (80) 
Scomber 
japonicus,  
T.C. Pacific 
1.6 1 6 
Yukami R, Yoda M, Ooshimo S, & Tanaka H (2008) Stock 
Assessment and evaluation for chub mackerel Tushima current 
stock (fiscal year 2007), pp 155-185, in Marine Fisheries Stock 
Assessments And Evaluations For Japanese Waters (fiscal year 
2007/2008), Fisheries Agency and Fisheries Research Agency 
of Japan. (81) 
Thunnus 
maccoyii 17.2 10 41 
CCSBT (2009) Commission for the Conservation of Southern 
Bluefin Tuna, Report of the Fourteenth Meeting of the 
Scientific Committee, Busan, Korea, 5 to 11 September 2009. 
(82) 
Katsuwonus 
pelamis,  
W. Pacific 
0.4 1 6 
Langley A & Hampton J (2008) Stock assessment of skipjack 
tuna in the western and central Pacific Ocean. Western and 
Central Pacific Fisheries Commission. Port Moresby, Papua 
New Guinea. pp. 75. (83) 
Scomberomorus 
maculatus, 
GOM 
2.9 1.5 9 
NMFS. 2003. Stock Assessment Analysis on Spanish and King 
Mackerel Stocks. Prepared for the 2003 Mackerel Stock 
Assessment Panel Meeting. Southeast Fisheries Science Center, 
Miami, Florida, United States (84) 
Scomberomorus 
maculatus,  
U.S. Atlantic 
2.8 1.5 11 
NMFS. 2003. Stock Assessment Analysis on Spanish and King 
Mackerel Stocks. Prepared for the 2003 Mackerel Stock 
Assessment Panel Meeting. Southeast Fisheries Science Center, 
Miami, Florida, United States (84) 
Thunnus 
albacares, 
Atlantic 
3.5 2.5 8 
ICCAT (2008) Report of the 2008 ICCAT yellowfin and 
skipjack stock assessments meeting. Available at 
www.iccat.int/Documents/Meetings/Docs/2008_TROP_REP_E
N.pdf. (60) 
Thunnus 
albacares, E. 
Pacific 
2.3 2.5 5 
Maunder MN & Aires-Da-Silva A (2008) Status of yellowfin 
tuna in the eastern Pacific Ocean in 2007 and outlook for the 
future. Inter-American Tropical Tuna Commission. La Jolla, 
California, United States. (61) 
Thunnus 
albacares, 
Indian 
2.9 2 7 
IOTC (2009) Report of the Eleventh Session of the IOTC 
Working Party on Tropical Tunas. IOTC-2009-WPTT-R[E]. 
(56) 
Thunnus 
albacares,  
W. Pacific 
2.2 2.5 7 
Langley A, Hampton J, Kleiber P, & Hoyle S (2007) Stock 
assessment of yellowfin tuna in the western and central Pacific 
Ocean, including an analysis of management options. Western 
and Central Pacific Fisheries Commission. Honolulu, United 
States. pp. 129. (85) 
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Table S3. Average generation length (GL) and 1996-2006 ex-vessel price for 33 scombrid and 
billfish species (Fig. 1, manuscript). 
Species name 
Red List 
Category 
GL 
 (years) 
Ex-Vessel Price 
(US$/ton) 
Acanthocybium solandri LC 2.3 2633 
Auxis rochei LC 2.8 898 
Euthynnus affinis LC 2.6 1126 
Euthynnus alletteratus LC 3.4 836 
Istiompax indica DD 1.8 2817 
Istiophorus platypterus LC 1.7 2414 
Kajikia albida (WHM) VU 5.5 1958 
Kajikia audax (STM) NT 4.4 5713 
Katsuwonus pelamis LC 1.0 3246 
Makaira nigricans (BUM) VU 5.8 2512 
Orcynopsis unicolor LC 2.3 345 
Rastrelliger brachysoma DD 0.7 471 
Rastrelliger kanagurta DD 2.3 961 
Sarda chiliensis LC 3.5 603 
Sarda sarda LC 2.4 1787 
Scomber japonicus LC 3.3 2911 
Scomber scombrus LC 4.2 639 
Scomberomorus brasiliensis LC 3.9 1154 
Scomberomorus cavalla LC 5.1 1220 
Scomberomorus commerson 
(COM) NT 6.0 1402 
Scomberomorus guttatus DD 1.9 891 
Scomberomorus maculatus LC 2.7 1061 
Scomberomorus niphonius DD 2.6 3396 
Scomberomorus sierra LC 4.0 1025 
Thunnus alalunga (ALB) NT 7.0 3929 
Thunnus albacares (YFT) NT 2.8 2424 
Thunnus maccoyii (SBF) CR 17.0 11218 
Thunnus obesus (BET) VU 4.7 4568 
Thunnus orientalis (PBF) LC 7.3 5836 
Thunnus thynnus (ABF) EN 8.9 3206 
Thunnus tonggol DD 4.5 1561 
Xiphias gladius (SWO) LC 6.5 3624 
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Table S4. IUCN Red List categories for all scombrid and billfish species. Also shown are 
criterion applied, generation length (GL) range and total global percent decline over 3 generation 
lengths for species in threatened and Near Threatened categories. 
 
Family Species name 
Red List 
category
Criterion 
applied 
GL range 
(years) 
% 
Decline in 
3 GL 
Istiophoridae Istiompax indica DD       
Istiophoridae Istiophorus platypterus LC       
Istiophoridae Kajikia albida VU A2 4.5-6.5 9-37% 
Istiophoridae Kajikia audax NT A2 5.3 20-25% 
Istiophoridae Makaira nigricans VU A2 4.5-6 31-38% 
Istiophoridae Tetrapturus angustirostris DD       
Istiophoridae Tetrapturus belone LC       
Istiophoridae Tetrapturus georgii DD       
Istiophoridae Tetrapturus pfluegeri LC       
Scombridae Acanthocybium solandri LC       
Scombridae Allothunnus fallai LC       
Scombridae Auxis rochei LC       
Scombridae Auxis thazard LC       
Scombridae Cybiosarda elegans LC       
Scombridae Euthynnus affinis LC       
Scombridae Euthynnus alletteratus LC       
Scombridae Euthynnus lineatus LC       
Scombridae Gasterochisma melampus LC       
Scombridae Grammatorcynus bicarinatus LC       
Scombridae Grammatorcynus bilineatus LC       
Scombridae Gymnosarda unicolor LC       
Scombridae Katsuwonus pelamis LC       
Scombridae Orcynopsis unicolor LC       
Scombridae Rastrelliger brachysoma DD       
Scombridae Rastrelliger faughni DD       
Scombridae Rastrelliger kanagurta DD       
Scombridae Sarda australis LC       
Scombridae Sarda chiliensis  LC       
Scombridae Sarda orientalis LC       
Scombridae Sarda sarda LC       
Scombridae Scomber australasicus LC       
Scombridae Scomber colias LC       
Scombridae Scomber japonicus LC       
Scombridae Scomber scombrus LC       
Scombridae Scomberomorus brasiliensis LC       
Scombridae Scomberomorus cavalla LC       
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Scombridae Scomberomorus commerson NT A2 8-9 20-30% 
Scombridae Scomberomorus concolor VU A4 3-4 40% 
Scombridae Scomberomorus guttatus DD       
Scombridae Scomberomorus koreanus LC       
Scombridae Scomberomorus lineolatus LC       
Scombridae Scomberomorus maculatus LC       
Scombridae 
Scomberomorus 
multiradiatus LC       
Scombridae Scomberomorus munroi VU A2 3-4 37% 
Scombridae Scomberomorus niphonius DD       
Scombridae Scomberomorus plurilineatus DD       
Scombridae 
Scomberomorus 
queenslandicus LC       
Scombridae Scomberomorus regalis LC       
Scombridae 
Scomberomorus 
semifasciatus LC       
Scombridae Scomberomorus sierra LC       
Scombridae Scomberomorus sinensis DD       
Scombridae Scomberomorus tritor LC       
Scombridae Thunnus alalunga NT A1 6-7 37% 
Scombridae Thunnus albacares NT A1 2.2-3.5 33% 
Scombridae Thunnus atlanticus LC       
Scombridae Thunnus maccoyii CR A2 12-17 85% 
Scombridae Thunnus obesus VU A2 4-5 42% 
Scombridae Thunnus orientalis LC       
Scombridae Thunnus thynnus EN A2 7-13 29-50% 
Scombridae Thunnus tonggol DD       
Xiphiidae Xiphias gladius LC    
 
Figure S1. Phylogeny of the family Scombridae (3) 
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Figure S2. Indices of abundance used to estimate population declines shown by stock for species 
of (A) tunas, (B) billfishes and (C) Spanish mackerels that were assessed as Critically 
Endangered, Endangered, Vulnerable and Near Threatened under criterion A1 or A2. Also shown 
are swordfish and Pacific bluefin, both assessed as Least Concern. Indices of abundance include 
catch landings in 1000 tonnes, catch per unit effort (CPUE), total biomass in 1000 tonnes, adult 
biomass in 1000 tonnes, biomass relative to virgin biomass (B:B0), and biomass relative to the 
biomass that would provide the maximum sustainable yield (B:Bmsy). Projected stock outlook is 
also indicated by (+) or (n) as this metric was used in combination with the reference points 
B/Bmsy and F/Fmsy when available to evaluate whether criterion A1 or A2 should be used for the 
global population assessment. Data shown are from the most recent stock assessments (49n68).  
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Figure S3. Red List categories for marine species groups assessed to date (69). 
 
 
 
 
Text References and Notes 
1. J. Sibert, J. Hampton, P. Kleiber, M. Maunder, Biomass, size, and trophic status of top 
predators in the Pacific Ocean. Science 314, 1773 (2006). doi:10.1126/science.1135347 
Medline 
2. R. A. Myers, B. Worm, Rapid worldwide depletion of predatory fish communities. Nature 
423, 280 (2003). doi:10.1038/nature01610 Medline 
3. S. Losada, S. Lieberman, C. Drews, M. Hirshfield, The status of Atlantic bluefin tuna. Science 
328, 1353, author reply 1353 (2010). doi:10.1126/science.328.5984.1353-a Medline 
4. S. Cullis-Suzuki, D. Pauly, Failing the high seas: A global evaluation of regional fisheries 
management organizations. Mar. Policy 34, 1036 (2010). 
doi:10.1016/j.marpol.2010.03.002 
5. B. R. MacKenzie, H. Mosegaard, A. A. Rosenberg, Impending collapse of bluefin tuna in the 
northeast Atlantic and Mediterranean. Conserv. Lett. 2, 26 (2009). doi:10.1111/j.1755-
263X.2008.00039.x 
6. J. Majkowski, Global Fishery Resources of Tuna and Tuna-like Species (U.N. Food and 
Agriculture Organization, Rome, 2007). 
7. J. F. Kitchell et al., Bull. Mar. Sci. 79, 669 (2006). 
8. G. M. Mace et al., Quantification of extinction risk: IUCN’s system for classifying threatened 
species. Conserv. Biol. 22, 1424 (2008). doi:10.1111/j.1523-1739.2008.01044.x Medline 
<foot>9. Data are tabulated in the SOM and also available at the Global Marine Species 
Assessment (http://sci.odu.edu/gmsa/).</foot> 
<foot>10. These data are to be added at IUCN Red List (www.iucnredlist.org) during the 
semiannual update in November 2011.</foot> 
11. IUCN, Guidelines for Using the IUCN Red List Categories and Criteria, Version 8.1 (IUCN, 
Gland, Switzerland, 2010). 
12. A. M. De Roos, L. Persson, Size-dependent life-history traits promote catastrophic collapses 
of top predators. Proc. Natl. Acad. Sci. U.S.A. 99, 12907 (2002). 
doi:10.1073/pnas.192174199 Medline 
13. F. Courchamp et al., Rarity value and species extinction: the anthropogenic Allee effect. 
PLoS Biol. 4, e415 (2006). doi:10.1371/journal.pbio.0040415 Medline 
14. ICCAT, Report of the Standing Committee on Research and Statistics (SCRS) (ICCAT, 
Madrid, 2010). 
15. D. Cyranoski, Pacific tuna population may crash at any time. Nature 465, 280 (2010). 
doi:10.1038/465280b Medline 
16. J.-M. Fromentin, The fate of Atlantic bluefin tuna. Science 327, 1325 (2010). 
doi:10.1126/science.327.5971.1325-c Medline 
 Supporting References and Notes 
1. B. S. Halpern et al., A global map of human impact on marine ecosystems. Science 319, 948 
(2008). doi:10.1126/science.1149345 Medline 
2. J. B. C. Jackson et al., Historical overfishing and the recent collapse of coastal ecosystems. 
Science 293, 629 (2001). doi:10.1126/science.1059199 Medline 
3. B. B. Collette, C. Reeb, B. A. Block, Systematics of the tunas and mackerels (Scombridae). 
Fish Physiol. 19, 1 (2001). doi:10.1016/S1546-5098(01)19002-3 
4. B. B. Collette, C. E. Nauen, FAO Fish Synop. 125, 137 (1983). 
5. J. S. Gunn et al., Age and growth in southern bluefin tuna, Thunnus maccoyii (Castelnau): 
Direct estimation from otoliths, scales and vertebrae. Fish. Res. 92, 207 (2008). 
doi:10.1016/j.fishres.2008.01.018 
6. P. Sucondhmarn, C. Tantisawetrat, U. Sriruangcheep, in The Kuroshio: A symposium on the 
Japanese Current, J. C. Marr, Ed. (East West Center Press, Honolulu, 1970). 
7. B. B. Collette, in Reproduction and Sexuality in Marine Fishes, K. S. Cole, Ed. (University of 
California Press, Berkeley, 2010), pp. 21-63. 
8. IUCN, IUCN Red List Categories and Criteria, Version 3.1 (IUCN, Gland, 2001).  
9. N. K. Dulvy, S. Jennings, N. B. Goodwin, A. Grant, J. D. Reynolds, Comparison of threat and 
exploitation status in North-East Atlantic marine populations. J. Appl. Ecol. 42, 883 
(2005). doi:10.1111/j.1365-2664.2005.01063.x 
10. J. Majkowski, Global Fishery Resources of Tuna and Tuna-like Species (FAO, Rome, 2007). 
11. A. S. L. Rodrigues, J. D. Pilgrim, J. F. Lamoreux, M. Hoffmann, T. M. Brooks, The value of 
the IUCN Red List for conservation. Trends Ecol. Evol. 21, 71 (2006). 
doi:10.1016/j.tree.2005.10.010 Medline 
12. M. Hoffmann et al., Conservation planning and the IUCN Red List. Endanger. Species Res. 
6, 113 (2008). doi:10.3354/esr00087 
13. P. C. De Grammont, A. D. Cuarón, An evaluation of threatened species categorization 
systems used on the American continent. Conserv. Biol. 20, 14 (2006). 
doi:10.1111/j.1523-1739.2006.00352.x Medline 
14. S. H. M. Butchart et al., Using Red List Indices to measure progress towards the 2010 target 
and beyond. Philos. Trans. R. Soc. London Ser. B 360, 255 (2005). 
doi:10.1098/rstb.2004.1583 
15. IUCN, Guidelines for Using the IUCN Red List Categories and Criteria, Version 8.1 (IUCN, 
Gland, 2010).  
16. K. E. Carpenter et al., One-third of reef-building corals face elevated extinction risk from 
climate change and local impacts. Science 321, 560 (2008). doi:10.1126/science.1159196 
Medline 
17. F. T. Short et al., Biol. Conserv. 144, 1961 (2011).  
 18. B. A. Polidoro et al., The loss of species: mangrove extinction risk and geographic areas of 
global concern. PLoS ONE 5, e10095 (2010). doi:10.1371/journal.pone.0010095 Medline 
19. J. Schipper et al., The status of the world’s land and marine mammals: diversity, threat, and 
knowledge. Science 322, 225 (2008). doi:10.1126/science.1165115 Medline 
20. G. M. Mace et al., Quantification of extinction risk: IUCN’s system for classifying 
threatened species. Conserv. Biol. 22, 1424 (2008). doi:10.1111/j.1523-
1739.2008.01044.x Medline 
21. J. F. Caddy, R. Mahon, “Reference points for fisheries management ” (FAO, Rome, 1995). 
22. B. Collette, in Guía FAO para Identificación de Especies para los Fines de la Pesca. 
Pacifico Centro-Oriental, W. Fischer et al., Eds. (FAO, Rome, 1995), vol. 3, pp. 1521-
1543. 
23. INP, Sierra del Golfo de California: Scomberomorus sierra, S. concolor (Instituto Nacional 
de la Pesca, Mexico, 2002). 
24. J. A. Hutchings, Can. J. Fish. Aquat. Sci. 58, 108 (2001). 
25. N. K. Dulvy, Y. Sadovy, J. D. Reynolds, Extinction vulnerability in marine populations. Fish 
Fish. 4, 25 (2003). doi:10.1046/j.1467-2979.2003.00105.x 
26. R. L. Radtke, NOAA Tech. Rep. NMFS 8, 123 (1983). 
27. K. T. Hill, G. M. Cailliet, R. L. Radtke, Fish Bull. 87, 829 (1989). 
28. K. Drew, D. J. Die, F. Arocha, Bull. Mar. Sci. 79, 847 (2006). 
29. R. Keller Kopf, K. Drew, R. L. J. Humphreys, Age estimation of billfishes ( Kajikia spp.) 
using fin spine cross-sections: the need for an international code of practice. Aquat. 
Living Resour. 23, 13 (2010). doi:10.1051/alr/2009045 
30. R. Hilborn, Pretty Good Yield and exploited fishes. Mar. Policy 34, 193 (2010). 
doi:10.1016/j.marpol.2009.04.013 
31. S. Losada, S. Lieberman, C. Drews, M. Hirshfield, The status of Atlantic bluefin tuna. 
Science 328, 1353, author reply 1353 (2010). doi:10.1126/science.328.5984.1353-a 
Medline 
32. J.-M. Fromentin, The fate of Atlantic bluefin tuna. Science 327, 1325 (2010). 
doi:10.1126/science.327.5971.1325-c Medline 
33. J. C. Rice, E. Legace, When control rules collide: a comparison of fisheries management 
reference points and IUCN criteria for assessing risk of extinction. ICES J. Mar. Sci. 64, 
718 (2007). doi:10.1093/icesjms/fsm011 
34. B. Worm et al., Rebuilding global fisheries. Science 325, 578 (2009). 
doi:10.1126/science.1173146 Medline 
35. P. M. Mace, P. Mace, A new role for MSY in single-species and ecosystem approaches to 
fisheries stock assessment and management. Fish Fish. 2, 2 (2001). doi:10.1046/j.1467-
2979.2001.00033.x 
 36. U. R. Sumaila, D. Marsden, R. Watson, D. Pauly, A Global Ex-vessel Fish Price Database: 
Construction and Applications. J. Bioeconomics 9, 39 (2007). doi:10.1007/s10818-007-
9015-4 
37. R. Watson, A. Kitchingman, A. Gelchu, D. Pauly, Mapping global fisheries: sharpening our 
focus. Fish Fish. 5, 168 (2004). doi:10.1111/j.1467-2979.2004.00142.x 
38. M. L. Pinsky, O. P. Jensen, D. Ricard, S. R. Palumbi, Proc. Natl. Acad. Sci. U.S.A. 108, 8317 
(2011). doi:10.1073/pnas.1015313108 
39. B. A. Polidoro et al.in Wildlife in a Changing World–An Analysis of the 2008 IUCN Red List 
of Threatened Species, J.-C. Vié, C. Hilton-Taylor, S. N. Stuart, Eds. (Island Pres, IUCN, 
Gland, 2009), pp. 55–65.  
40. N. K. Dulvy et al., You can swim but you can’t hide: the global status and conservation of 
oceanic pelagic sharks and rays. Aquat. Conserv. Mar. Freshw. Ecosys. 18, 459 (2008). 
doi:10.1002/aqc.975 
41. K. L. Eckert, in Biology and Conservation of Sea Turtles, K. A. Bjorndal, Ed. (Smithsonian 
Institution Press, Washington, DC, 1995), pp. 611-612. 
42. J. D. Reynolds, N. K. Dulvy, N. B. Goodwin, J. A. Hutchings, Biology of extinction risk in 
marine fishes. Proc. Biol. Sci. 272, 2337 (2005). doi:10.1098/rspb.2005.3281 Medline 
43. J. D. Stevens, R. Bonfil, N. K. Dulvy, P. A. Walker, The effects of fishing on sharks, rays, 
and chimaeras (chondrichthyans), and the implications for marine ecosystems. ICES J. 
Mar. Sci. 57, 476 (2000). doi:10.1006/jmsc.2000.0724 
44. M. D. Camhi, S. V. Valenti, S. V. Fordham, S. L. Fowler, C. Gibson, The Conservation 
Status of Pelagic Sharks and Rays: Report of the IUCN Shark Specialist Group Pelagic 
Shark Red List Workshop (IUCN Species Survival Commission Shark Specialist Group, 
Newbury, UK, 2009). 
45. P. Colin, Aggregation and spawning of the humphead wrasse Cheilinus undulatus (Pisces: 
Labridae): General aspects of spawning behaviour. J. Fish Biol. 76, 987 (2010). 
doi:10.1111/j.1095-8649.2010.02553.x 
46. A. V. Morris, C. M. Roberts, J. P. Hawkins, The threatened status of groupers 
(Epinephelinae).  Biodivers. Conserv. 9, 919 (2000). doi:10.1023/A:1008996002822 
47. M. Cook, G. R. Fitzhugh, J. S. Franks, Validation of yellowedge grouper, Epinephelus 
flavolimbatus, age using nuclear bomb-produced radiocarbon. Environ. Biol. Fishes 86, 
461 (2009). doi:10.1007/s10641-009-9536-x 
48. Y. Sadovy De Mitcheson et al., A global baseline for spawning aggregations of reef fishes. 
Conserv. Biol. 22, 1233 (2008). doi:10.1111/j.1523-1739.2008.01020.x Medline 
49. International Commission for the Conservation of Atlantic Tunas (ICCAT), Collective Vol. 
Sci. Pap. ICCAT 65, 1113 (2010). 
50. M. Stocker, Report of the ISC–Albacore Working Group Stock Assessment Workshop 
(National Research Institute of Far Seas Fisheries, Shizuoka, Japan, 2006).  
51. ICCAT, Collective Vol. Sci. Pap. ICCAT 62, 697 (2008). 
 52. S. Hoyle, A. Langley, J. Hampton, General structural sensitivity analysis for the bigeye tuna 
stock assessment, Port Moresby, Papua New Guinea, 11 to 22 August 2008 [WCPFC-
SC4-2008/SA-WP-03, Western and Central Pacific Fisheries Commission (WCPFC), 
2008]. 
53. ICCAT, ICCAT Secretariat, Madrid, Spain (ICCAT, Madrid, 2010). 
54. ICCAT, Report of the 2010 ICCAT Bigeye Tuna Stock Assessment Session (Pasaia, 
Gipuzkoa, Spain, 5 to 9 July 2010 (ICCAT Secretariat, Madrid, 2010). 
55. A. Aires-da-Silva, M. N. Maunder, Status of Bigeye Tuna in the Eastern Pacific Ocean in 
2009 and Outlook for the Future (Inter-American Tropical Tuna Commission, La Jolla, 
San Diego, 2010). 
56. Indian Ocena Tuna Commission (IOTC), Report of the Eleventh Session of the IOTC 
Working Party on Tropical Tunas. Victoria, Seychelles, 18 to 25 October  2010 (IOTC-
2010-WPTT-R[E], IOTC, 2010). 
57. S. Harley, S. Hoyle, P. Williams, J. Hampton, P. Kleiber, Stock assessment of bigeye tuna in 
the western and central Pacific Ocean (WCPFC-SC6-2010-SA-WP-04, WCPFC,  2010).  
58. International Scientific Commission for Tuna and Tuna-Like Species (ISC), “Report of the 
Pacific Bluefin Tuna Working Group Workshop. International Scientific Committee for 
Tuna and Tuna-like Species in the North Pacific Ocean May 28-June 4, 2008 Shimizu, 
Japan, continued July 17-18, 2008 Takamatsu, Japan” (2008). 
59. Commission on the Conservation of the Southern Bluefin Tuna (CCSBT), Report of the 
Seventh Meeting of the Stock Assessment Group. Tokyo, 4 to 11 September 2006 
(CCSBT, 2006). 
60. ICCAT, Report of the 2008 ICCAT yellowfin and skipjack stock assessments meeting, 
ICCAT Secretariat, Madrid, Spain (2008). 
61. M. N. Maunder, A. Aires-da-Silva, Status of yellowfin tuna in the eastern Pacific Ocean on 
2009 and outlook for the future, Inter-American Tropical Tuna Commission, Scientific 
Advisory Committee, 1st meeting, La Jolla, California, United States (2010). 
62. A. Langley et al., Stock assessment of yellowfin tuna in the western and central Pacific 
Ocean. Western and Central Pacific Fisheries Commission, Scientific Committee, 5th 
Regular Session, 10–21 August 2009, Port Vila, Vanuatu (2009). 
63. ICCAT, Report of the 2006 ICCAT Billfish Stock Assessment, Secretariat, Madrid, Spain 
(2007). 
64. P. Kleiber, M. G. Hinton, Y. Uozumi, Mar. Freshw. Res. 54, 349 (2003). 
doi:10.1071/MF01246 
65. IOTC, Report of the Seventh Session on the IOTC Working Party on Billfish (IOTC, 2009).  
66. M. G. Hinton, M. N. Maunder, Status and trends of striped marlin in the northeast Pacific 
Ocean in 2009  (2011).  
67. R. Hilborn, J. Brodziak, K. Piner, Model averaging and probable status of North Pacific 
striped marlin, Tetrapturus audax. Can. J. Fish. Aquat. Sci. 67, 793 (2010). 
doi:10.1139/F10-029 
 68. A. Langley, B. Molongy, D. Bromhead, K. Yokawa, B. Wise, Stock assessment of striped 
marlin (Tetrapturus audax) in the southwest Pacific Ocean (WCPFC-SC2-2006/SA WP-
6, WCPFC, 2006).  
69. IUCN Redlist, www.iucnredlist.org (2011). 
70. International Commission for the Conservation of Atlantic Tunas (ICCAT), Report of the 
2007 ICCAT albacore stock assessment session. Collective Volume of Scientific Papers, 
ICCAT 62, 697 (2008). 
71. ICCAT, Report of the 2007 ICCAT albacore stock assessment session. Collective Volume of 
Scientific Papers, ICCAT 62, 697 (2008). 
72. A. Langley, J. Hampton, P. Kleiber, S. Hoyle, Stock assessment of bigeye tuna in the western 
and central Pacific Ocean, including an analysis of management options. (Western and 
Central Pacific Fisheries Commission. Port Moresby, Papua New Guinea, 2008), 137 pp. 
73. ICCAT, Report of the 2006 Atlantic bluefin tuna stock assessment session. Collective 
Volume of Scientific Papers, ICCAT 60, 652 (2007). 
74. ICCAT, Report of the 2006 Atlantic bluefin tuna stock assessment session. Collective 
Volume of Scientific Papers, ICCAT 60, 652 (2007). 
75. M. Ortiz, Stock Assessment Analysis on Gulf of Mexico King Mackerel (Contribution 2004-
004, SEDAR5- 2004 NMFS SEFSC, Miami Lab Sustainable Fisheries Division, 
Southeast Fisheries Science Center, Miami, Florida, 2004). 
76. NMFS, Stock Assessment Analysis on Spanish and King Mackerel Stocks, prepared for the 
2003 Mackerel Stock Assessment Panel Meeting. (Southeast Fisheries Science Center, 
Miami, Florida, 2003). 
77. ICES, Report of the working group on the assessment of mackerel, horse mackerel, sardine 
and anchovy (WGMHSA) (WGMHSA, 2007). 
78. C. Watanabe, A. Kawabata, M. Suda, H. Nishida, S. Honda, (2008) Stock Assessment and 
evaluation for chub mackerel Pacific stock (fiscal year 2007), in Marine Fisheries Stock 
Assessments And Evaluations For Japanese Waters (fiscal year 2007/2008), Fisheries 
Agency and Fisheries Research Agency of Japan, pp. 123-154. 
79. Dorval E, Hill KT, Lo NCH, & McDaniel JD, Pacific mackerel (Scomber japonicus) stock 
assessment for U.S. Management in the 2007-08 fishing season, in Briefing Book, 
Agenda Item F.2.b, Attachment 1 (Pacific Fishery Management Council, June 2007 
2007), pp. 253:1-170.  
80. C. R. Canales, Investigación, evaluación de stock y CTP Caballa 2005-Informe Final 
(Instituto de Fomento Pesquero, Valparaiso, Chile, 2006), pp. 1-40. 
81. R. Yukami, M. Yoda, S. Ooshimo, H. Tanaka, Stock Assessment and evaluation for chub 
mackerel Tushima current stock (fiscal year 2007), in Marine Fisheries Stock 
Assessments And Evaluations For Japanese Waters (fiscal year 2007/2008), Fisheries 
Agency and Fisheries Research Agency of Japan, 2008), pp. 155-185. 
82. CCSBT, Commission for the Conservation of Southern Bluefin Tuna, Report of the 
Fourteenth Meeting of the Scientific Committee, Busan, Korea, 5 to 11 September 2009. 
 83. A. Langley, J. Hampton, Stock assessment of skipjack tuna in the western and central Pacific 
Ocean. (Western and Central Pacific Fisheries Commission. Port Moresby, Papua New 
Guinea, 2008), pp. 75. 
84. NMFS, Stock Assessment Analysis on Spanish and King Mackerel Stocks. prepared for the 
2003 Mackerel Stock Assessment Panel Meeting. (Southeast Fisheries Science Center, 
Miami, Florida, 2003). 
85. NMFS, Stock Assessment Analysis on Spanish and King Mackerel Stocks. prepared for the 
2003 Mackerel Stock Assessment Panel Meeting. (Southeast Fisheries Science Center, 
Miami, Florida, 2003). 
86. A. Langley, J. Hampton, P. Kleiber, S. Hoyle, Stock assessment of yellowfin tuna in the 
western and central Pacific Ocean, including an analysis of management options. 
(Western and Central Pacific Fisheries Commission, Honolulu, 2007), 129 pp. 
 
Life history data set 
 
290 
Appendix C.  
 
Bibliography life history data set 
1. Abdussamad EM, Koya KPS, Ghosh S, Joshi KK, Manojkumar B, et al. (2012) Fishery, 
biology and population characteristics of longtail tuna, Thunnus tonggol (Bleeker, 
1851) caught along the Indian coast. Indian Journal of Fisheries 59: 7-16. 
2. Abdussamad EM, Mohamed-Kasim H, Achayya P (2006) Fishery and population 
characteristics of Indian mackerel, Rastrelliger kanagurta (Cuvier) at Kakinada. 
Indian Journal of Fisheries 53: 77-83. 
3. Abdussamad EM, Pillai NGK, Kasim HM, Mohamed OMMJH, Jeyabalan K (2010) 
Fishery, biology and population characteristics of the Indian mackerel, Rastrelliger 
kanagurta (Cuvier) exploited along the Tuticorin coast. Indian Journal of Fisheries 
57: 17–21. 
4. Adam MS, Sibert J, Itano D, Holland K (2003) Dynamics of bigeye (Thunnus obesus) 
and yellowfin (T. albacares) tuna in Hawaii's pelagic fisheries: analysis of tagging 
data with a bulk transfer model incorporating size-specific attrition. Fishery Bulletin 
101: 215-228. 
5. Agnalt AL (1989) Long-term changes in growth and age at maturity of mackerel, 
Scomber scombrus L., from the North Sea. Journal of Fish Biology 35: 305-311. 
6. Aguayo M, Steffens H (1986) Edad y crecimiento de Scomber japonicus del norte de 
Chile. Investigación Pesquera (Chile) 33: 61-76. 
7. Aguilar-Salazar FA, Salas-Márquez S, Cabrera-Vázquez MA, Martínez-Aguilar JD 
(1990) Crecimiento y mortalidad del carito Scomberomorus cavalla, en la zona de 
la costa norte de la Península de Yucatán. Ciencia Pesquera 8: 71-87. 
8. Aguirre-Villaseñor H, Morales-Bojórquez E, Morán-Angulo RE, Madrid-Vera J, Valdez-
Pineda MC (2006) Indicadores biológicos de la pesquería de sierra 
(Scomberomorus sierra) al sur del Golfo de California, México. Ciencias Marinas 
32: 471-484. 
9. Aires-da-Silva A, Maunder MN (2007) Status of bigeye tuna in the eastern Pacific 
Ocean in 2006 and outlook. Inter-American Tropical Tuna Commission, Stock 
Assessment Report 8: 105-228. 
10. Al-Hosni AHS, Siddeek SM (1999) Growth and mortality of the narrowbarred Spanish 
mackerel, Scomberomorus commerson (Lacepède), in Omani waters. Fisheries 
Management and Ecology 6: 145-160. 
11. Al-zibdah M, Odat N (2007) Fishery status, growth, reproduction, biology and feeding 
habit of two scombrid fish from the Gulf of Aqaba, Red Sea. Lebanese Science 
Journal 8: 3-20. 
12. Alagarswami K, Hiyama Y, Nose Y (1969) Studies on age and growth of the Japanese 
mackerel. Records of Oceanographic Works in Japan 10: 39-63. 
13. Albaret JJ (1977) La reproduction de l'albacore (Thunnus albacares) dans le Golfe de 
Guinée. Cahiers ORSTOM Série océanographie 15: 389-419. 
14. Alencar-Vilela MJ, Castello JP (1991) Estudio de la edad y del crecimiento del 
barrilete (Katsuwonus pelamis) en la región sur y sudeste de Brasil. Frente 
Maritimo 9: 29-35. 
   Appendices 
 
291 
15. Alencar-Vilela MJ, Castello JP (1993) Dinámica poblacional del barrilete (Katsuwonus 
pelamis) explotado en la región sudeste-sur del Brasil en el período 1980-1986. 
Frente Maritimo 14: 111-124. 
16. Alves A, de Barros P, Pinho MR (1998) Age and growth of bigeye tuna Thunnus 
obesus captured in the Madeira Archipelago. Collective Volume of Scientific 
Papers, ICCAT 48: 277-283. 
17. Amarasiri C, Joseph L (1986) Skipjack tuna (K. pelamis) - Aspects of the biology and 
fishery from the western and southern coastal waters of Sri Lanka. FAO Indo-
Pacific Tuna Development and Management Programme Collective volume of 
working documents presented at the Expert Consultation on Stock Assessment of 
Tunas in the Indian Ocean 4-8 December 1986. Colombo, Sri Lanka. pp. 94-107. 
18. Anderson RC (1987) Small tunas, seerfishes and billfishes in the Maldives. Report of 
Workshop on Small Tuna, Seerfish and Billfish in the Indian Ocean December 
1987 IPTP/87/GEN/13. Colombo, Sri Lanka. pp. 38-45. 
19. Anderson RC, Waheed A (1990) Exploratory fishing for large pelagic species in the 
Maldives. India. 
20. Anderson RC, Waheed Z, Scholz O (1998) Kawakawa (Euthynnus affinis). In: 
Anderson RC, Waheed Z, Adam MS, editors. The tuna fishery resources of the 
Maldives Maldives Marine Research Bulletin 3. pp. 127-144. 
21. Ann HB (1970) On the spawning and maturity of the Pacific mackerel, Scomber 
japonicus Houttuyn. Reports of Fisheries Resources (Korea) 8: 83-95. 
22. Anonymous (1974) Valores geográficos de la cpue, distribución de tallas y crecimiento 
de la albacora (Thunnus alalunga B.) durante la temporada 1972 en la región 
Cántabro-Galaica. Collective Volume of Scientific Papers, ICCAT 2: 150-154. 
23. Anonymous (1996) Report of the Final Meeting of the ICCAT Albacore Research 
Program. Collective Volume of Scientific Papers, ICCAT 43: 1-140. 
24. Appukuttan KK, Radhakrishnan-Nair PN, Kunhikoya KK (1977) Studies on the fishery 
and growth rate of oceanic skipjack Katsuwonus pelamis (Linnaeus) at Minicoy 
Island from 1966 to 1969. Indian Journal of Fisheries 24: 33-47. 
25. Arce FM (1987) The Auxis spp. fisheries of Batangas, Philippines. FAO Indo-Pacific 
Tuna Development and Management Programme IPTP/87/GEN/12. Colombo, Sri 
Lanka. pp. 137-144. 
26. Arcos-Huitrón NE, Torres-Villegas JR (1990) Ciclo reproductor de la macarela del 
Pacífico Scomber japonicus Houttuyn (Pisces: Scombridae) en Bahía Magdalena, 
Baja California Sur, México. Investigaciones Marinas CICIMAR 5: 37-45. 
27. Arena P, Potoschi A, Cefali A (1980) Risultati preliminari di studi sull'eta, 
l'accrescimento e la prima maturita' sessuale dell'alalunga Thunnus alalunga 
(Bonn.,1788) del Tirreno. Memorie di Biologia Marina e di Oceanografia 10: 71-81. 
28. Aripin IE, Showers PAT (2000) Population parameters of small pelagic fishes caught 
off Tawi-Tawi, Philippines. Fishbyte 23: 21-26. 
29. Arocha F, Lee DW, Marcano LA, Marcano JS (2001) Update information on the 
spawning of yellowfin tuna, Thunnus albacares, in the Western Central Atlantic. 
Collective Volume of Scientific Papers, ICCAT 52: 167-176. 
30. Arreguín-Sánchez F, Cabrera MA, Aguilar FA (1995) Population dynamics of the king 
mackerel (Scomberomorus cavalla) of the Campeche Bank, Mexico. Scientia 
Marina 59: 637-645. 
Life history data set 
 
292 
31. Asano K, Tanaka S (1989) Ovarian maturation and spawning of the Japanese 
common mackerel Scomber japonicus. Nippon Suisan Gakkaishi 55: 1715-1726. 
32. Ashida H, Tanabe T, Suzuki N (2009) Recent progress on reproductive biology of 
skipjack tuna in the tropical region of the Western and Central Pacific Ocean. 16 p. 
33. Ateş C, Cengiz Deval M, Bök T (2008) Age and growth of Atlantic bonito (Sarda sarda 
Bloch, 1793) in the Sea of Marmara and Black Sea, Turkey. Journal of Applied 
Ichthyology 24: 546-550. 
34. Báez-Hidalgo M, Bécquer U (1994) Fecundidad del bonito Katsuwonus pelamis 
(Linnaeus) y la albacora Thunnus atlanticus (Lesson) en Cuba. Revista de 
Investigaciones Marinas 15: 218-222. 
35. Baglin RE, Rivas LR (1977) Population fecundity of western and eastern north Atlantic 
bluefin tuna (Thunnus thynnus). Collective Volume of Scientific Papers, ICCAT 6: 
361-365. 
36. Baglin REJ (1982) Reproductive biology of western Atlantic bluefin tuna. Fishery 
Bulletin 80: 121-134. 
37. Baird D (1977) Age, growth and aspects of reproduction of the mackerel, Scomber 
japonicus in South African waters (Pisces: Scombridae). Zoologica Africana 12: 
347-362. 
38. Ballagh AC, Begg GA, Mapleston A, Tobin A (2006) Growth trends of Queensland 
east coast Spanish mackerel (Scomberomorus commerson) from otolith back-
calculations. Marine and Freshwater Research 57: 383-393. 
39. Bard FX (1973) Etude sur le germon (Thunnus alalunga Bonaterre 1788) de 
l'Atlantique nord. Elements de dynamique de population [These de Doctorat de 3 
cycle]. Paris: University Pierre et Marie Curie. 125 p. 
40. Bard FX (1981) Le thon germon (Thunnus alalunga) de l'Océan Atlantique [PhD 
Thesis]. Paris: University of Paris. 333 p. 
41. Bard FX, Antoine L. Croissance du listao dans l'Atlantique est. In: Symons PEK, 
Miyake PM, Sakagawa GT, editors; 1986; Madrid. pp. 301-308. 
42. Barker J, Kennedy C, Jebreen E (In prep) Fishery dependent monitoring of the 
Queensland spotted mackerel fishery (Scomberomorus munroi) 2001 to 2003. 
Brisbane, Queensland. 
43. Barrett I (1971) Preliminary observations on the biology and fishery dynamics of the 
bonito (Sarda chiliensis) in Chilean waters. Santiago, Chile. 55 p. 
44. Bashirullah AKM (1990) Reproductive biology of Spanish mackerel, Scomberomorus 
brasiliensis Collete, Russo & Zavala-Camin, 1978 (Pisces: Fam: Scombridae) in 
eastern Venezuela. Boletin del Instituto Oceanografico de Venezuela 29: 91-96. 
45. Batista VdS, Fabré NN (2001) Temporal and spatial patterns on serra, 
Scomberomorus brasiliensis (Teleostei Scombridae), catches from the fisheries on 
the Maranhão coast, Brazil. Brazilian Journal of Biology 61: 541-546. 
46. Batts BS (1972) Age and growth of the skipjack tuna, Katsuwonus pelamis (Linnaeus), 
in North Carolina waters. Chesapeake Science 13: 237-244. 
47. Batts BS (1972) Sexual maturity, fecundity and sex ratios of the skipjack tuna, 
Katsuwonus pelamis (Linnaeus), in North Carolina waters. Transactions of the 
American Fisheries Society 101: 626-637. 
   Appendices 
 
293 
48. Bayhan B (2007) Growth characteristics of the chub mackerel (Scomber japonicus 
Houttuyn, 1782) in Izmir Bay (Aegean Sea, Turkiye). Journal of Animal and 
Veterinary Advances 6: 627-634. 
49. Bayliff WH (1988) Growth of skipjack, Katsuwonus pelamis, and yellowfin, Thunnus 
albacares, tunas in the eastern Pacific Ocean as estimated from tagging data. 
Bulletin of the Inter-American Tropical Tuna Commission, IATTC 19: 307-385. 
50. Bayliff WH, Ishizuka Y, Deriso RB (1991) Growth, movement, and attrition of northern 
bluefin tuna, Thunnus thynnus, in the Pacific Ocean, as determined by tagging 
Bulletin of the Inter-American Tropical Tuna Commission, IATTC 20: 1-94. 
51. Beardsley GL (1971) Contribution to the population dynamics of Atlantic albacore with 
comments on potential yields. Fishery Bulletin 69: 845-857. 
52. Beardsley GL, Richards WJ (1970) Size, seasonal abundance, and length-weight 
relation of some scombrid fishes from southeast Florida. Washington D. C. 7 p. 
53. Beaumariage DS (1973) Age, growth, and reproduction of king mackerel, 
Scomberomorus cavalla, in Florida. Florida Marine Research Publications 1: 1-45. 
54. Beerkircher LR (2005) Length to weight conversions for wahoo, Acanthocybium 
solandri, in the northwest Atlantic. Collective Volume of Scientific Papers, ICCAT 
58: 1616-1619. 
55. Begg GA (1998) Reproductive biology of school mackerel (Scomberomorus 
queenslandicus) and spotted mackerel (S. munroi) in Queensland east-coast 
waters. Marine and Freshwater Research 49: 261-270. 
56. Begg GA, Chen CCM, O´Neill MF, Rose DB (2006) Stock assessment of the Torres 
Strait Spanish mackerel fishery. Townsville, Australia: CRC Reef Research Centre. 
57. Begg GA, F ONM, Cadrin SX, Bergenius MAJ (2005) Stock assessment of the 
Australian east coast spotted mackerel fishery. Townsville, Australia: CRC Reef 
Research Centre. 1-159 p. 
58. Begg GA, Sellin MJ (1998) Age and growth of school mackerel (Scomberomorus 
queenslandicus) and spotted mackerel (S. munroi) in Queensland east-coast 
waters with implications for stock structure. Marine and Freshwater Research 49: 
109-120. 
59. Bell RR (1962) Age determination of the Pacific albacore of the California coast. 
California Fish and Game 48: 39-48. 
60. Berrien PL (1975) A description of Atlantic mackerel, Scomber scombrus, eggs and 
early larvae. Fishery Bulletin 73: 186-192. 
61. Bertignac M, Yesaki M (1993) Preliminary assessment of the narrow-barred Spanish 
mackerel stock off Oman using length-frequency distributions by the Bhattacharya 
method. In: Ardill JD, editor. IPTP Collective Volumes No8 Proceedings of the 
expert consultation on Indian Ocean Tunas, 5th session,4-8 October. 
Mahe,Seychelles. pp. 88-95. 
62. Bigelow HB, Schroeder WC (1953) TunaThunnus thynnus (Linnaeus) 1758. Fishes of 
the Gulf of Maine US Fisheries and Wildlife Service, Fishery Bulletin 53. pp. 338-
346. 
63. Black G (1979) Maturity and spawning of the Pacific bonito Sarda chiliensis lineolata, 
in the eastern north Pacific. California: California Department of Fish and Game. 
64. BOBP (1987) Tuna in the Andaman Sea. Colombo, Sri Lanka. 1-64 p. 
Life history data set 
 
294 
65. Bök T, Oray IK (2001) Age and growth of bullet tuna Auxis rochei (Risso, 1810) in 
Turkish waters. Collective Volume of Scientific Papers, ICCAT 52: 708-718. 
66. Bolaños MA, Tzeng WN (1994) Estimation of growth parameters of two species of 
mackerel, Scomber japonicus and S. australasicus, in the coastal waters of 
Taiwan. Journal of the Fisheries Society of Taiwan 21: 313-321. 
67. Boonprakob U. Study on the fecundity of the Indo-Pacific mackerel, Rastrelliger spp. in 
the Gulf of Thailand; 1967; Honolulu, Hawaii, USA. pp. 124-138. 
68. Boonragsa V. Tuna resources in the Thai waters of the Andaman Sea; 1987; 
Colombo, Sri Lanka. 
69. Boonraksa V (1988) Growth, mortality and maximum sustainable yield of the Indo-
Pacific mackerel (Rastrelliger brachysoma) off the southwest coast of Thailand. In: 
Venema S, Moller-Christensen J, Pauly D, editors. Contributions to tropical 
fisheries biology FAO/DANIDA Follow-up Training Course on Fish Stock 
Assessment in the Tropics, Denmark, 1986 and Philippines, 1987 FAO Fisheries 
Report No 389. Rome. pp. 356-371. 
70. Bouhlel M (1985) Stock assessment of the king fish, Scomberomorus commerson, 
inhabiting the coastal waters of Djibouti Republic and State of the fish stocks. 
Rome. 40 p. 
71. Brock VE (1954) Some aspects of the biology of the aku, Katsuwonus pelamis, in the 
Hawaiian Islands. Pacific Science 8: 94-104. 
72. Brouard F, Grandperrin R (1985) Les poissons profonds de la pente recifale externe a 
Vanuatu. Port-Vila, Vanuatu: Mission ORSTOM. 131 p. 
73. Brouard F, Grandperrin R, Cillaurren E (1984) Croissance des jeunes thons jaunes 
(Thunnus albacares) et des bonites (Katsuwonus pelamis) dans le Pacifique 
tropical occidental. Port-Vila, Vanuatu: Mission ORSTOM. 1-23 p. 
74. Brown-Peterson NJ, Franks JS, Burke AM. Preliminary observations on the 
reproductive biology of wahoo, Acanthocybium solandri, from the northern Gulf of 
Mexico and Bimini, Bahamas; 2000; Ocean Springs, USA. pp. 414-427. 
75. Buckworth RC (1998) Age structure of the commercial catch of northern territory 
narrow- barred Spanish mackerel. Darwin, Australia: Northern Territory 
Department of Primary Industry and Fisheries. 28 p. 
76. Buñag DM (1956) Spawning habits of some Philippine tuna based on diameter 
measurements of the ovarian ova. Journal of Philippine Fisheries 4: 145-176. 
77. Cabrera MA, Defeo O, Aguilar F, Martínez JDD (2005) La pesquería de bonito 
(Euthynnus alletteratus) del noreste del banco de Campeche, México. Proceedings 
of the Gulf and Caribbean Fisheries Institute 46: 744-758. 
78. Cabrera-Vazquez MA (1986) Contribución al conocimiento de la pesquería del carito 
(Scomberomorus cavalla) Cuvier 1829, en la Península de Yucatan [Tesis 
Profesional]. ENEP- Iztacala, México: Universidad Nacional Autónoma de México. 
79. Caddy JF, Dickson CA, Butler MJA (1976) Age and growth of giant bluefin tuna 
(Thunnus thynnus thynnus) taken in Canadian waters in 1975. Fisheries Research 
Board of Canada Report Series 1395: 1-18. 
80. Calkins TP, Klawe WL. Synopsis of biological data on black skipkjack, Euthynnus 
lineatus, Kishinouye, 1920; 1963; Rome. FAO. pp. 130-146. 
81. Cameron D, Begg G (2002) Fisheries biology and interaction in the northern Australian 
small mackerel fishery. 
   Appendices 
 
295 
82. Campbell G, Collins RA (1975) The age and growth of the pacific bonito, Sarda 
chiliensis, in the eastern north Pacific. California Fish and Game 61: 181-200. 
83. Cantanhêde da Silva G, Leal de Castro AC, Gubiani EA (2005) Estrutura populacional 
e indicadores reprodutivos de Scomberomorus brasiliensis Collette, Russo e 
Zavala-Camin, 1978 (Perciformes: Scombridae) no litoral ocidental maranhense. 
Acta Scientiarum Biological Sciences 27: 383-389. 
84. Caramantin-Soriano H, Vega-Pérez LA, Ñiquen M (2008) Growth parameters and 
mortality rate of the Scomber japonicus peruanus (Jordán & Hubb,1925) along the 
peruvian coast, south Pacific. Brazilian Journal of Oceanography 56: 201-210. 
85. Carles-Martín CA (1971) Características biológico-pesqueras del bonito (Katsuwonus 
pelamis) y la albacora (Thunnus atlanticus) en la costa noreste de Cuba. Revista 
de Investigación Pesquera, Instituto Nacional de Pesca, Cuba 32: 1-51. 
86. Carles-Martín CA (1975) Evaluación de la pesquería de bonito en la zona Occidental 
de Cuba. Revista de Investigación Pesquera, Instituto Nacional de Pesca, Cuba 1: 
73-96. 
87. Carles-Martín CA (1975) Edad y crecimiento del bonito (Katsuwonus pelamis) y la 
albacore (Thunnus atlanticus) en la parte occidental de Cuba. Revista de 
Investigación Pesquera, Instituto Nacional de Pesca, Cuba 1: 203-254. 
88. Carneiro Ximenes MO (1981) Idade e crescimiento da serra, Scomberomorus 
brasiliensis, no estado do Cearã (Brasil). Arquivos de Ciências do Mar 21: 47-54. 
89. Carneiro Ximenes MO, Ferreira de Menezes M, Fonteles-Filho AA (1978) Idade e 
crescimento da cavala, Scomberomorus cavalla (Cuvier), no estado do Cearã 
(Brasil). Arquivos de Ciências do Mar 18: 73-81. 
90. Carvalho N, Perrota RG, Isidro EJ (2002) Age, growth and maturity in chub mackerel 
(Scomber japonicus Houttuyn, 1782) from the Azores. Arquipélago Ciências 
Biológicas e Marinhas 19: 93-99. 
91. Castello JP, Cousseau MB (1976) Observaciones sobre la caballa en las temporadas 
de pesca del período 1969 a 1975 (Pisces, Scomber japonicus marplatensis). 
Physis 35: 195-2003. 
92. Castello JP, Gagliardi RP (1969) Informe sobre estudios de edad y maduración sexual 
en el bonito (Sarda sarda, Bloch, 1793). Oficina Regional de Pesca para America 
Latina, Rio de Janeiro. 16 p. 
93. Castello JP, Hamre J (1969) Age and growth of mackerel from Skagerak and the 
northern North Sea. International Council for the Exploration of the Sea CM H:7: 1-
12. 
94. Cayré P, Amon Kothias JB, Diouf T, Stretta J (1993) Biology of tuna. In: Fonteneau A, 
Marcille J, editors. Resources, fishing and biology of the tropical tunas of the 
Eastern Central Atlantic FAO Fisheries Technical Paper No 292. Roma: FAO. pp. 
354. 
95. Cayré P, Amon Kothias JB, Diouf T, Stretta JM (1988) Biologie des thons. In: 
Fonteneau A, Marcille J, editors. Resources, fishing and biology of the tropical 
tunas of the eastern central Atlantic FAO Fisheries Technical Paper, 292. Roma. 
pp. 157-268. 
96. Cayré P, Diouf T (1980) Croissance de la thonine (Euthynnus alletteratus) 
(Rafinesque, 1810) etablie a partir de coupes tranversales du premier rayon de la 
nageoire dorsale. Document Scientifique - Centre de Recherches 
Océanographiques de Dakar - Thiaroye 75: 18. 
Life history data set 
 
296 
97. Cayré P, Diouf T (1983) Estimating age and growth of little tunny, Euthynnus 
alletteratus, off the coast of Senegal, using dorsal fin spine sections. US 
Department of Commerce, NOAA Technical Report, NMFS 8: 105-110. 
98. Cayré P, Diouf T (1984) Croissance du thon obese (Thunnus obesus) de l'Atlantique 
d'apres les resultats de marquage. Collective Volume of Scientific Papers, ICCAT 
20: 180-187. 
99. Cayré P, Farrugio H. Biologie de la reproduction du Listao (Katsuwonus pelamis) de 
l'Océan Atlantique. In: Symons PEK, Miyake PM, Sakagawa GT, editors; 1986; 
Madrid. pp. 252-272. 
100. Cayré P, Laloé F. Relation poids-longueur du listao (Katsuwonus pelamis) de l'Océan 
Atlantique. In: Symons PEK, Miyake PM, Sakagawa G, editors; 1986; Paris, 
France. pp. 335-340. 
101. Chale-Matsau JR, Govender A, Beckley LE (1999) Age and growth of the queen 
mackerel Scomberomorus plurilineatus from KwaZulu-Natal, South Africa. 
Fisheries Research 44: 121-127. 
102. Champagnat C, Pianet R (1974) Croissance du patudo (Thunnus obesus) dans les 
régions de Dakar et de Pointe-Noire. Collective Volume of Scientific Papers, 
ICCAT 2: 141-144. 
103. Chang KH, Wang TS (1970) Studies on fecundity and spawning of spotted mackerel 
in Taiwan. China Fisheries Monthly 211: 8-14. 
104. Chang SK, Liu HC, Hsu CC (1993) Estimation of vital parameters for Indian albacore 
through length frequency data. Journal of the Fisheries Society of Taiwan 20: 1-13. 
105. Chávez EA (1994) Simulación de la pesquería de sierra (Scomberomorus 
maculatus) del Golfo de México. Revista de Investigaciones Marinas 15: 209-218. 
106. Chen JH, Lin LS (2004) Study on the biological characteristics and status of common 
mackerel (Scomber japonicus Houttuyn) fishery in the east China Sea region. 
Marine Fisheries 26: 73-78. 
107. Chen K-S, Shimose T, Tanabe T, Chen C-Y, Hsu C-C (2012) Age and growth of 
albacore Thunnus alalunga in the North Pacific Ocean. Journal of Fish Biology 80: 
2328–2344. 
108. Chen KS, Crone P, Hsu CC (2006) Reproductive biology of female Pacific bluefin 
tuna Thunnus orientalis from south-western north Pacific Ocean. Fisheries Science 
72: 985-994. 
109. Chen KS, Crone PR, Hsu CC (2010) Reproductive biology of albacore Thunnus 
alalunga. Journal of Fish Biology 77: 119-136. 
110. Chen TS (1973) Studies on the age, growth, maturity and spawning of Spanish 
mackerel Scomberomorus commersoni (Lacépéde) in Taiwan Strait. Bulletin of 
TFRI 22: 103-118. 
111. Chen TS (1974) Studies on the age, growth, maturity, and spawning of Japanese 
mackerel Scomberomorus niphonius (C. & V.) in Taiwan Strait. Bulletin of Taiwan 
Fisheries Research Institute 23: 21-36. 
112. Cheunpan A (1984) Sexual maturity, size at first maturity and spawning season of 
long tail tuna (Thunnus tonggol), eastern litte tuna (E. affinis) and frigate mackerel 
(A. thazard) in the Gulf of Thailand. Bangkok. 33 p. 
113. Cheunpan A (1988) An assessment of king mackerel (Scomberomorus commerson) 
in the inner Gulf of Thailand. In: Venema S, Moller-Christensen J, Pauly D, editors. 
   Appendices 
 
297 
Contributions to tropical fisheries biology FAO/DANIDA Follow-up Training 
Courses on Fish Stock Assessment in the Tropics, Denmark, 1986 and 
Philippines, 1987 FAO Fisheries Report No 389. Rome: FAO. 
114. Chi KS, Yang RT (1973) Age and growth of skipjack tuna in the waters around the 
southern part of Taiwan. Acta Oceanographica Taiwanica 3: 199-122. 
115. Chiou WD, Cheng LZ, Chen KW (2004) Reproduction and food habits of kawakawa 
Euthynnus affinis in Taiwan. Journal of the Fisheries Society of Taiwan 31. 
116. Chirinos De Vildoso A (1963) Estudios sobre la reproduccion del bonito Sarda 
chilensis (C. y V.) en aguas adyacentes a la costa Peruana. Rome. 1143-1152 p. 
117. Chisara PK (1986) A preliminary report on the biology and fishery of Scomberomorus 
lineolatus in the Zanzibar Channel. FAO Indo-Pacific Tuna Development and 
Management Programme Collective volume of working documents presented at 
the Expert Consultation on Stock Assessment of Tunas in the Indian Ocean, 4-8 
December 1986 Colombo, Sri Lanka. pp. 124-134. 
118. Chong BJ, Chua CW (1974) Growth, age determination and spawning of ikan 
kembung, Rastrelliger neglectus (Van Kampen) in the northern Straits of Malacca. 
The Malaysian Agricultural Journal 49: 344-345. 
119. Chur VN, Zharov VL (1983) Determination of age and growth rate of the skipjack 
tuna, Katsuwonus pelamis (Scombridae), from the southeastern part of the Gulf of 
Guinea. Journal of Ichthyology 23: 53-67. 
120. Ciechomski JD, Capezzani DA (1969) Fecundity of the Argentinean mackerel 
Scomber japonicus marplatensis. Marine Biology 2: 277-282. 
121. Cisneros MA, Estrada J, Montemayor G (1990) Growth, mortality and recruitment of 
exploited small pelagic fishes in the Gulf of California, Mexico. Fishbyte 8: 15-17. 
122. Claereboudt MR, McIlwain JL, Al-Oufi HS, Ambu-Ali AA (2005) Patterns of 
reproduction and spawning of the kingfish (Scomberomorus commerson, 
Lacépède) in the coastal waters of the Sultanate of Oman. Fisheries Research 73: 
273-282. 
123. Claereboudt MRG, Al-oufi HS, McIlwain JL, Goddard JS (2004) Relationships 
between fishing gear, size frequency and reproductive patterns for the kingfish 
(Scomberomorus commerson Lacépède) fishery in the Gulf of Oman. In: Payne 
AIL, O’Brien CM, Rogers SI, editors. Management of Shared Fish Stocks: Oxford, 
Blackwell. pp. 56-67. 
124. Claro R (1994) Características generales de la ictiofauna. Qintana Roo, México: 
Instituto de Oceanología Academia de Ciencias de Cuba and Centro de 
Investigaciones de Quintana Roo. 
125. Clemens HB (1961) The migration, age, and growth of Pacific albacore (Thunnus 
germo), 1951-1958. Fish Bulletin California Department of Fish and Game 115: 1-
128. 
126. Collette BB (1986) Family Scombridae. In: Smith MM, Heemstra PC, editors. Smiths' 
Sea Fishes. MacMillan, Johannesburg. pp. 831-838. 
127. Collette BB (2001) Tunas (also, albacore, bonitos, mackerels, seerfishes, and 
wahoo). In: Carpenter KE, Niem VH, editors. FAO Species Identification Guide for 
Fishery Purposes The Living Marine Resources of the Western Central Pacific. 
Rome: FAO. pp. 3721-3735. 
Life history data set 
 
298 
128. Collette BB, Gillis GB (1992) Morphology, systematics, and biology of the double-
lined mackerels (Grammatorcynus, Scombridae). Fishery Bulletin 90: 13-53. 
129. Collette BB, Nauen CE (1983) FAO Species Catalogue. Vol. 2. Scombrids of the 
world: an annotated and illustrated catalogue of tunas, mackerels, bonitos and 
related species known to date. FAO Fisheries Synopsis 125: 137. 
130. Collins MR, Schmidt DJ, Wayne-Waltz C, Pickney JL (1988) Age and growth of king 
mackerel, Scomberomorus cavalla, from the Atlantic coast of the United States. 
Fishery Bulletin 87: 49-61. 
131. Compeán-Jimenez G, Bard FX (1983) Growth increments on dorsal spines of 
eastern Atlantic bluefin tuna (Thunnus thynnus) and their possible relation to 
migrations patterns. NOAA Technical Report NMFS 8: 77-86. 
132. Cooksey CL (1996) Reproductive biology of Spanish mackerel, Scomberomorus 
maculatus, in the lower Chesapeake Bay [Master Thesis]. Virginia: Virginia 
Institute of Marine Science. 68 p. 
133. Coombs SH, Pipe RK, Mithchell CE (1981) The vertical distribution of eggs and 
larvae of blue whiting (Micromesistius poutassou) and mackerel (Scomber 
scombrus) in the eastern north Atlantic and North Sea. Rapports et Proces-
Verbaux des Reunions du Conseil International Pour L'Explotation de la Mer 178: 
188-195. 
134. Corpuz A, Saeger J, Sambilay V (1985) Population parameters of commercially 
important fishes in Philippine waters. 100 p. 
135. Correa-Ivo CT (1974) Sobre a fecundidade da cavala, Scomberomorus cavalla 
(Cuvier), em águas costeiras do estado do Ceará (Brasil). Arquivos de Ciências do 
Mar 14: 87-89. 
136. Corriero A, Karakulak S, Santamaria N, Deflorio M, Spedicato D, et al. (2005) Size 
and age at sexual maturity of female bluefin tuna (Thunnus thynnus L. 1758) from 
the Mediterranean Sea. Journal of Applied Ichthyology 21: 483-486. 
137. Cort JL (1991) Age and growth of bluefin tuna (Thunnus thynnus thynnus) of the 
northeast Atlantic. Collective Volume of Scientific Papers, ICCAT 35: 213-230. 
138. Cort JL, González S, Ilardia S (1986) La pesquería de caballa (o Verdel) (Scomber 
scombrus, Linnaeus, 1758) en el Mar Cantábrico, 1982-1983. Informe Técnico 
Instituto Español de Oceanografía 38: 1-12. 
139. Cousseau MB, Angelescu V, Perrotta RG (1987) Algunas características de la 
estructura y comportamiento migratorio de los cardúmenes de caballa (Scomber 
japonicus marplatensis) en la plataforma bonaerense (Mar Argentino). Período 
1965  - 1984. Revista de Investigación y Desarrollo Pesquero 7: 21-42. 
140. CRFM (2007) CRFM Fishery Report - 2007. Volume 1. St. Vincent and the 
Grenadines. 
141. Cucalón-Zenck E (1999) Growth and length-weight parameters of Pacific mackerel 
(Scomber japonicus) in the Gulf of Guayaquil, Ecuador. Naga, The ICLARM 
Quaterly 22: 32-36. 
142. D'Aubenton F, Blanc M (1965) Étude systématique et biologique de Scomberomorus 
sinensis (Lacépède, 1802), poisson des eaux douces du Cambodge. Bulletin du 
Muséum National d'Histoire Naturelle 37: 233-243. 
   Appendices 
 
299 
143. da Cruz JF, Paiva MP (1964) Sobre a biologia pesqueira da albacora, Thunnus 
atlanticus (Lesson), no nordeste do Brasil. Boletim do Instituto de Biologia Marinha 
da Universidade Federal do Rio Grande do Norte 1: 1-15. 
144. Darvishi M, Behzadi S, Salarpour A (2003) Spawing, fecundity and feeding of longtail 
tuna (Thunnus tonggol) in the Persian Gulf and Oman Sea (Hormuzgan Province). 
Ministry of Jahad Sazandegi Pajouhesh and Sazandegi 59: 70-75. 
145. Davidoff EB (1963) Size and year class composition of catch, age, and growth of 
yellowfin tuna in the eastern tropical Pacific Ocean, 1951-1961. Bulletin of the 
Inter-American Tropical Tuna Commission, IATTC 8: 199-251. 
146. Davis T, Farley J, Gunn J (2001) Size and age at 50% maturity in SBT. An integrated 
view from published information and new data from the spawning ground. Tokyo, 
Japan. 10 p. 
147. Dawson WA (1986) The interpretation of otolith structure for the assessment of age 
and growth of some pelagic fishes from the coast of Ecuador. Mackerel (Scomber 
japonicus L.), Pacific sardine (Sardinops sagax), Pacific thread herrings 
(Opisthonema medirastre and Opisthone bulleri), and round herring (Etrumeus 
teres). Instituto Nacional de Pesca, Boletin Scientifico y Tecnico 9: 1-24. 
148. Dayaratne P (1989) Age, growth and mortality estimates of Scomberomorus 
commerson (Seerfish) from the west coast of Sri Lanka. 
149. Dayaratne P (1993) An assessment of frigate tuna (Auxis thazard) stocks in the 
southern waters of Sri Lanka. IPTP Collective Volumes No 8: 72-76. 
150. Dayaratne P, De Silva J (1991) An assessment of kawakawa (Euthynnus affinis) 
stock on the west coast of Sri Lanka. Asian Fisheries Science 4: 219-226. 
151. Dayaratne P, Sivakumaran KP (1994) Biosocioeconomics of fishing for small 
pelagics along the southwest coast of Sri Lanka. Madras, India. 38 p. 
152. de la Hoz Regules J, Villegas Cuadros ML (1987) Biometrie, croissance, 
reproduction et pêche de Scomber scombrus, L. 1768, aux cotes Asturiennes 
(Nord de L'Espagne) en 1985. International Council for the Exploration of the Sea 
CM H:5: 1-12. 
153. de La Serna JM, Ortiz de Urbina JM, Alot E, Garcia S, Rioja P (2005) Biological 
parameters of bullet tuna (Auxis rochei) observed in the Spanish Mediterranean 
fisheries. Collective Volume of Scientific Papers, ICCAT 58: 517-526. 
154. de León ME, Guardiola M (1984) Caracterización biológico-pesquera del género 
Scomberomorus de la zona suroriental de Cuba. Cuban Journal of Fisheries 
Research 9: 1-27. 
155. De Metrio G, Cacucci M, Corriero A, Santamaria N, Spedicato D (1998) Indagini sulla 
pesca e la biologia dei grandi pelagici (Thunnus thynnus L., Thunnus alalunga 
Bonn., Sarda sarda Bloch, Xiphias gladius L., Auxis rochei Risso) nello Ionio 
settentrionale dal 1990 al 1997. Biologia Marina Mediterranea 5: 215-228. 
156. De Metrio G, Megalofonou P, Marano G, De Zio V, Rosinati L, et al. (1994) 
Observations of a ten-year period on the biology and fishery of albacore, Thunnus 
alalunga (Bonn. 1788), carried out in the north Ionian and south Adriatic seas. FAO 
Fisheries Report No 533: 115-125. 
157. de Nóbrega MF, Lessa RP (2009) Age and growth of Spanish mackerel 
(Scomberomorus brasiliensis) off the northeastern coast of Brazil. Neotropical 
Ichthyology 7: 667-676. 
Life history data set 
 
300 
158. de Nóbrega MF, Lessa RPT, de Lucena FM (2001) Idade e crescimento da Serra 
(Scomberomorus brasiliensis) capturada na ZEE do nordeste do Brasil. Foz do 
Iguaçu. 
159. De Sylva DP, Rathjen WF (1961) Life history notes on the little tuna, Euthynnus 
alletteratus, from the southeastern United States. Bulletin of Marine Science of the 
Gulf and Caribbean 11: 161-190. 
160. Delgado de Molina A, Santana JC (1986) Estimación de la edad y crecimiento del 
patudo (Thunnus obesus, Lowe, 1939) capturado en las Islas Canarias. Collective 
Volume of Scientific Papers, ICCAT 25: 130-137. 
161. Delgado de Molina A, Santana JC, Ariz J, Delgado de Molina R, Pallares P (1994) 
Estudio de algunos parámetros biológicos del rabil (Thunnus albacares, 
Bonnaterre 1788) del Atlántico este. Collective Volume of Scientific Papers, ICCAT 
42: 153-154. 
162. Devaraj M (1981) Age and growth of three species of seerfishes Scomberomorus 
commerson, S. guttatus and S. lineolatus. Indian Journal of Fisheries 28: 104-127. 
163. Devaraj M (1983) Maturity, spawning and fecundity of the king seer, Scomberomorus 
commerson, in the seas around the Indian Peninsular. Indian Journal of Fisheries 
30: 203-230. 
164. Devaraj M (1986) Maturity, spawning and fecundity of the streaked seer, 
Scomberomorus lineolatus (Cuvier & Valenciennes) in the Gulf of Mannar and Palk 
Bay. Indian Journal of Fisheries 33: 293-319. 
165. Devaraj M (1987) Maturity, spawning and fecundity of the spotted seer, 
Scomberomorus guttatus, in the Gulf of Mannar and Palk Bay. Indian Journal of 
Fisheries 34: 48-77. 
166. Devaraj M, Mohamad-Kasim H, Muthiah C, Pillai NGK (1999) Assessment of the 
exploited seerfish stocks in the Indian waters. Journal of the Marine Biological 
Association of India 41: 62-84. 
167. DeVries DA, Grimes CB (1997) Spatial and temporal variation in age and growth of 
king mackerel, Scomberomorus cavalla, 1977-1992. Fishery Bulletin 95: 694-708. 
168. Di Natale A, Mangano A, Celona A, Navarra E, Valastro M (2005) First information 
about the Atlantic bonito (Sarda sarda) catch composition in the Tyrrhenian Sea 
and in the Straits of Sicily in 2002 and 2003. Collective Volume of Scientific 
Papers, ICCAT 58: 1537-1542. 
169. Di Natale A, Mangano A, Celona A, Navarra E, Valastro M (2006) Atlantic bonito 
(Sarda sarda) catch composition in the Tyrrhenian Sea and in the Strait of Sicily in 
2004. Collective Volume of Scientific Papers, ICCAT 59: 564-570. 
170. Diaz GA (2011) A revision of western Atlantic bluefin tuna age of maturity derived 
from size samples collected by the Japanese longline fleet in the Gulf of Mexico 
(1975-1980). Collective Volume of Scientific Papers, ICCAT 66: 1216–1226. 
171. Diaz GA, Turner SC (2006) Size frequency distribution analysis, age composition, 
and maturity of western bluefin tuna in the Gulf of Mexico from the U.S. (1981-
2005) and Japanese (1975-1981) longline fleets. Collective Volume of Scientific 
Papers, ICCAT: 1-11. 
172. Dickerson TL, Macewicz BJ, Hunter JR (1992) Spawning frequency and batch 
fecundity of chub mackerel, Scomber japonicus, during 1985. The California 
Cooperative Oceanic Fisheries Investigations Reports 33: 130-140. 
   Appendices 
 
301 
173. Diouf T (1980) Peche & biologie de trois Scombridae exploités au Sénégal: 
Euthynnus alletteratus, Sarda sarda et Scomberomorus tritor [These de Doctorat 
de 3 cycle]. Brest: Université de Bretagne Occidentale. 159 p. 
174. Diouf T (1988) Relation taille-poids de Auxis thazard peche en Atlantique Tropical 
Oriental. Collective Volume of Scientific Papers, ICCAT 28: 314-317. 
175. Djabali F, Boudraa S, Bouhdid A, Bousbia H, Bouchelaghem EH, et al. (1990) 
Travaux réalisés sur les stocks pélagiques et démersaux de la région de Béni-saf. 
FAO Fisheries Report No 447: 160-165. 
176. Doray M, Stéquert B, Taquet M (2004) Age and growth of blackfin tuna (Thunnus 
atlanticus) caught under moored fish aggregating devices, around Martinique 
Island. Aquatic Living Resources 17: 13-18. 
177. Dorel D (1986) Poissons de l’Atlantique nord-est: Relations taille-poids. Nantes, 
France: IFREMER. 165 p. 
178. Dorval E, Hill KT, Lo NCH, McDaniel JD (2007) Pacific mackerel (Scomber 
japonicus) stock assessment for U.S. management in the 2007-08 fishing season. 
Pacific Fishery Management Council, June 2007 Briefing Book, Agenda Item F2b, 
Attachment 1. La Jolla, USA. pp. 253. 
179. Draganik B, Pelczarski W (1984) Growth and age of bigeye and yellowfin tuna in the 
central Atlantic as per data gathered by R/V "WIECZNO". Collective Volume of 
Scientific Papers, ICCAT 20: 96-103. 
180. Duarte-Neto P, Higa FM, Lessa RP (2012) Age and growth estimation of bigeye tuna, 
Thunnus obesus (Teleostei: Scombridae) in the southwestern Atlantic. Neotropical 
Ichthyology 10: 148–158. 
181. Dudley RG, Aghanashinikar AP (1987) Preliminary Studies of Scomberomorus 
commerson and Thunnus Tonggol in Omani Waters. Colombo, Sri Lanka. 
182. Dudley RG, Aghanashinikar AP (1989) Growth of Scomberomorus commerson in 
Oman based on length data. Report of the workshop on tuna and seer fishes in the 
north Arabian Sea region, Muscat, Sultanate of Oman, 7-9 February 1989 
IPTP/89/Gen/16. Colombo, Sri Lanka. pp. 72-81. 
183. Dwiponggo A, Hariati T, Banon S, Palomares ML, Pauly D (1986) Growth, mortality 
and recruitment of commercially important fishes and penaeid shrimps in 
Indonesian waters. ICLARM Technical Report 17: 1-91. 
184. Edwards RRC, Bakhader A, Shaher S (1985) Growth, mortality, age composition and 
fisheries yields of fish from the Gulf of Aden. Journal of Fish Biology 27: 13-21. 
185. Edwards RRC, Shaher S (1991) The biometrics of marine fishes from the Gulf of 
Aden. Fishbyte 2: 27-29. 
186. Eltink A, Gerritsen J (1982) Growth, spawning and migration of western mackerel. 
International Council for the Exploration of the Sea CM H:31. 
187. Espino Barr E, Cruz Romero M, Garcia Boa A (1990) Biología pesquera de tres 
especies de la familia Scombridae en el litoral de Colima, México. In: Dailey M, 
Bertsch H, editors. Memorias del VIII Simposium Internacional de Biologia Marina. 
Ensenada, México. pp. 65-74. 
188. Fable WA, Johnson AG, Barger LE (1987) Age and growth of Spanish mackerel, 
Scomberomorus maculatus, from Florida and the Gulf of Mexico. Fishery Bulletin 
85: 777-783. 
Life history data set 
 
302 
189. Farley JH, Clear NP, Leroy B, Davis TLO, McPherson G (2006) Age, growth and 
preliminary estimates of maturity of bigeye tuna, Thunnus obesus, in the Australian 
region. Marine and Freshwater Research 57: 713-724. 
190. Farley JH, Davis TLO (1998) Reproductive dynamics of southern bluefin tuna, 
Thunnus maccoyii. Fishery Bulletin 96: 223-236. 
191. Farley JH, Davis TLO, Gunn JS, Clear NP, Preece AL (2007) Demographic patterns 
of southern bluefin tuna, Thunnus maccoyii, as inferred from direct age data. 
Fisheries Research 83: 151-161. 
192. Farley JH, Williams AJ, Davies CR, Clear NP, Eveson JP, et al. (2012) Population 
Biology of Albacore Tuna in the Australian Region. Castray Esplanade, Hobart, 
Tas, Australia. 
193. Farrugio H (1980) Age et croissance du thon rouge (Thunnus thynnus) dans la 
pêcherie française de surface en Méditerranée. Cybium (3ème sér) 9: 45-59. 
194. Fernández M (1992) Revision des methodes d'ageage du germon (Thunnus 
alalunga, Bonn. 1788) nord-est Atlantique par l'etude des pieces anatomiques 
calcifiees. Collective Volume of Scientific Papers, ICCAT 39: 225-240. 
195. Figuerola-Fernández M, Peña-Alvarado N, Torres-Ruiz W (2008) Aspect of the 
reproductive biology of recreationally important fish species in Puerto Rico. Puerto 
Rico. 1-134 p. 
196. Figuerola-Fernández M, Torres-Ruiz W, Peña-Alvarado N (2007) Sexual maturity 
and reproductive seasonality of king mackerel (Scomberomorus cavalla) and cero 
(Scomberomorus regalis) in Puerto Rico. Proceedings of the Gulf and Caribbean 
Fisheries Institute 58: 251-261. 
197. Finucane JH, Collins LA (1984) Reproductive biology of cero, Scomberomorus 
regalis, from the coastal waters of south Florida. Northeast Gulf Science 7: 101-
107. 
198. Finucane JH, Collins LA (1986) Reproduction of Spanish mackerel, Scomberomorus 
maculatus, from the southeastern United States. Northeast Gulf Science 8: 97-106. 
199. Fitzhugh G, Fioramonti C, Walling W, Gamby M, Lyon H, et al. Batch fecundity and 
an attempt to estimate spawning frequency of king mackerel (Scomberomorus 
cavalla) in U.S. waters; 2008; Gosier, Guadeloupe, French West Indies. 
200. Foreman TJ, Ishizuka Y (1990) Giant bluefin tuna off southern California, with a new 
California size record. California Fish and Game 76: 181-186. 
201. Forsbergh ED (1989) The influence of some environmental variables on the apparent 
abundance of skipjack tuna, Katsuwonus pelamis, in the eastern Pacific Ocean. 
Bulletin of the Inter-American Tropical Tuna Commission, IATTC 19: 429-569. 
202. Frade F, Postel E (1955) Contribution à l’etude de la reproduction des scombridés et 
thonidés de l’Atlantique tropical. Rapport du Conseil International pour l’Exploration 
de la Mer 137: 33-35. 
203. Franco L (1992) Maduración sexual y fecundidad del carite (Scomberomorus 
maculatus) de las costas del estado Falcón, Venezuela. Zootecnia Tropical 10: 
157-169. 
204. Franičević M, Sinovčić G, Čikes-Keč V, Zorica B (2005) Biometry analysis of the 
Atlantic bonito, Sarda sarda (Bloch, 1793), in the Adriatic Sea. Acta Adriatica 46: 
213 - 222. 
   Appendices 
 
303 
205. Franks JS, Brown-Peterson NJ, Griggs MS, Garber NM, Warren JR, et al. (2000) 
Potential of the first dorsal fin spine for estimating the age of wahoo, 
Acanthocybium solandri, from the northern Gulf of Mexico, with comments on 
specimens from Bimini, Bahamas. 51 Proceedings of the Fifty First Annual Gulf 
and Caribbean Fisheries Institute. St. Croix US Virgin Islands. pp. 428-440. 
206. Freire KMF, Lessa R, Lins-Oliveira JE (2005) Fishery and biology of blackfin tuna 
(Thunnus atlanticus) off northeastern Brazil. Gulf and Caribbean Research 17: 15-
24. 
207. Frota LO, Costa PAS, Braga AC (2004) Length-weight relationships of marine fishes 
from the central Brazilian coast. Naga, WorldFish Center Quaterly 27: 20-26. 
208. Fu SC (2004) Reproductive biology of skipjack tuna, Katsuwonus pelamis, in the 
western and central Pacific Ocean and waters off eastern Taiwan [Master Thesis]. 
Taipei, Taiwan (in Chinese): National Taiwan University. 
209. Funicane JH, Collins LA, Brusher HA, Saloman CH (1986) Reproductive biology of 
king mackerel, Scomberomorus cavalla, from the southeastern United States. 
Fishery Bulletin 84: 841-850. 
210. Gaikov VV, Chur VN, Zharov VL, Fedoseev YF (1980) On age and growth ot the 
Atlantic bigeye tuna. Collective Volume of Scientific Papers, ICCAT 9: 294-302. 
211. Ganga U (2010) Investigations on the biology of Indian Mackerel Rastrelliger 
kanagurta (Cuvier) along the Central Kerala coast with special reference to 
maturation, feeding and lipid dynamics [PhD Thesis]. Kochi, India: Cochin 
University of Science and Technology. 175 p. 
212. García-Coll I (1987) Relaciones largo-peso y proporción de sexos del bonito 
(Katsuwonus pelamis) y la albacora (Thunnus atlanticus) de Cuba. Revista de 
Investigaciones Marinas 8: 83-97. 
213. García-Coll I (1988) Edad y crecimiento de la albacora, (Thunnus atlanticus) en la 
región sur-occidental de Cuba durante el período 1979 a 1983. Revista de 
Investigaciones Marinas 9: 53-59. 
214. García-Coll I, Álvarez-Lajonchere LS, Noyola-Ugalde JI (1984) Determinación de la 
edad y el crecimiento del bonito, Katsuwonus pelamis (Linné) y la albacora, 
Thunnus atlanticus (Lesson) en la región suroccidental de Cuba en el año 1979. 
Revista de Investigaciones Marinas 5: 95-127. 
215. García-Coll I, Bosch-Méndez A (1986) Determinación de la edad y el crecimiento del 
bonito (Katsuwonus pelamis) y la albacora (Thunnus atlanticus) en la región 
nororiental de Cuba. Revista de Investigaciones Marinas 7: 47-54. 
216. García-Franco W, Cota-Villavicencio A, Sánchez-Ruiz FJ (2001) Diagnóstico de la 
pesquería de peces pelágicos menores en la costa occidental de Baja California, 
México. Ciencia Pesquera 14: 113-120. 
217. George KC, Banerji SK (1964) Age and growth studies on the Indian mackerel 
Rastrelliger kanagurta (Cuvier) with special reference to length-frequency data 
collected at Cochin. Indian Journal of Fisheries 11: 621-638. 
218. George S, Singh-Renton S, Lauckner B. Assessment of wahoo (Acanthocybium 
solandri) fishery using eastern Caribbean data. In: Singh-Renton S, editor; 2000; 
Belize City, Belize. pp. 24-50. 
219. Ghodrati Shojaei M, Taghavi-Motlagh SA, Seyfabadi J, Abtahi B, Dehghani R (2007) 
Age, growth and mortality rate of the narrow-barred Spanish mackerel 
(Scomberomerus commerson Lacepède, 1800) in coastal waters of Iran from 
Life history data set 
 
304 
length frequency data. Turkish Journal of Fisheries and Aquatic Sciences 7: 115-
121. 
220. Ghosh S, Pillai NGK, Dhokia HK (2009) Fishery, population dynamics and stock 
assessment of the spotted seer in gill net fishery at Verabal. Indian Journal of 
Fisheries 56: 157-161. 
221. Ghosh S, Sivadas M, Abdussamad EM, Rohit P, Koya KPS, et al. (2012) Fishery, 
population dynamics and stock structure of frigate tuna Auxis thazard (Lacepede , 
1800) exploited from Indian waters. Indian Journal of Fisheries 59: 95-100. 
222. Giacchetta F, Santamaria N, De Metrio P, De Metrio G (1995) Biologia e pesca della 
palamita (Sarda sarda, Bloch) nel Golfo di Taranto. Biologia Marina Mediterranea 
2: 485-486. 
223. Gluyas-Millán MG (1989) Período de reproducción, distribución de tallas y relación 
longitud-peso de la macarela del litoral de Baja California. Investigaciones Marinas 
CICIMAR 4: 65-72. 
224. Gluyas-Millán MG, Quiñonez-Velázques C (1997) Age, growth, and reproduction of 
Pacific mackerel Scomber japonicus in the Gulf of California. Bulletin of Marine 
Science 61: 837-847. 
225. Gnanamuthu JC, Girijavallabhan KG (1984) Some preliminary observations on the 
Rastrelliger faughni matsui occuring in the Madras coastal waters. Indian Journal 
of Fisheries 31: 383-386. 
226. Godsil HC (1955) A description of two species of bonito Sarda orientalis and S. 
chiliensis and a consideration of relationships within the genus. 43 p. 
227. Goldberg SR, Au DWK. The spawning of skipjack tuna from southeastern Brazil as 
determined from histological examination of ovaries. In: Symons PEK, Miyake PM, 
Sakagawa GT, editors; 1986; ICCAT, Madrid. pp. 277-284. 
228. Goldberg SR, Mussiett DC (1984) Reproductive cycle of the Pacific bonito, Sarda 
chilensis (Scombridae), from northern Chile. Pacific Science 38: 228-231. 
229. González N, Miranda M (1999) Edad y crecimiento de las especies: macarela 
(Scomber japonicus), sardina del sur (Sardinops sagax), pinchagua (Opisthonema 
spp) y chuhueco (Cetengraulis mysticetus) en el Ecuador. Boletin Cientifico y 
Tecnico, Instituto Nacional de Pesca de Ecuador 17: 1-20. 
230. González-Garcés Santiso A (2002) Contribución al conocimiento de la dinámica de 
la población del atún blanco, Thunnus alalunga Bonnaterre, 1788 del Atlántico 
norte [Tesis Doctoral]. Madrid: Universidad Complutense de Madrid. 208 p. 
231. Gordo LS, Martins MMB (1984) On some biological characteristics of mackerel 
(Scomber scombrus L.) from the west continental coast of Portugal. International 
Council for the Exploration of the Sea CM H:49. 
232. Gordo LS, Martins MMB (1986) Sinopsis dos dados biológicos e estado de 
exploraçáo do stock de sarda Scomber scombrus L 1758, da costa continental 
Portuguesa. Boletim do Instituto Nacional de investigacao das Pescas 14: 29-57. 
233. Gordo LS, Martins MMB, Jorge IM (1982) Preliminary study on the age and growth of 
mackerel (Scomber scombrus L.) in the ICES sub-area IX. International Council for 
the Exploration of the Sea CM H:16. 
234. Govender A (1994) Growth of the king mackerel (Scomberomorus commerson) off 
the coast of Natal, South Africa from length and age data. Fisheries Research 20: 
63-79. 
   Appendices 
 
305 
235. Govender A (1995) Mortality and biological reference points for the king mackerel 
(Scomberomoues commerson) fishery off Natal, South Africa (based on a per-
recruit assessment). Fisheries Research 23: 195–208. 
236. Granados-Alcantar S (2002) Ciclo reproductivo del barrilete Katsuwonus Pelamis en 
el Oceano Pacifico Oriental [Maestro en Ciencias]. Mexico: Instituto Politecnico 
Nacional Centro Interdisciplinario de Ciencias Marinas. 68 p. 
237. Grandcourt E, Al Abdessalaam TZ, Francis F, Al Shamsi AT, Al Ali S, et al. (2005) 
Assessment of the fishery for Kingfish (Kanaad/Khabat), Scomberomorus 
commerson, in the waters off Abu Dhabi Emirate. 34 p. 
238. Grande M, Murua H, Zudaire I, Korta M (2010) Spawning activity and batch fecundity 
of skipjack, Katsuwonus pelamis, in the Western Indian Ocean. IOTC. 
239. Greer-Walker M, Witthames P, Emerson L, Walsh M (1987) Estimation of fecundity in 
the western mackerel stock, 1986. International Council for the Exploration of the 
Sea CM H:41. 
240. Grégoire F (1993) Biological characteristics of Atlantic mackerel (Scomber scombrus 
L.) sampled along the Canadian coast between 1983 and 1991. Mont-Joli, 
Quebec. 138 p. 
241. Griffiths S, Pepperell J, Tonks M, Sawynok W, Olyott L, et al. (2010) Biology, 
Fisheries and Status of Longtail Tuna (Thunnus Tonggol), with Special Reference 
to Recreational Fisheries in Australian Waters. Final Report FRDC Project 
2008/058. 
242. Griffiths SP (2010) Stock assessment and efficacy of size limits on longtail tuna 
(Thunnus tonggol) caught in Australian waters. Fisheries Research 102: 248-257. 
243. Griffiths SP, Fry GC, Manson FJ, Lou DC (2009) Age and growth of longtail tuna 
(Thunnus tonggol) in tropical and temperate waters of the central Indo-Pacific. 
ICES Journal of Marine Science 67: 125-134. 
244. Griswold CA, Silverman MJ (1992) Fecundity of the Atlantic Mackerel (Scomber 
scombrus) in the Northwest Atlantic in 1987. . Journal of Northwest Atlantic Fishery 
Science 12: 35-40. 
245. Grudtsev ME (1992) Particularites de repartition et caracteristique biologique de la 
melva Auxis rochei (Risso) dans les eaux du Sahara. Collective Volume of 
Scientific Papers, ICCAT 39: 284-288. 
246. Grudtsev ME, Korolevich LI (1986) Studies of frigate tuna Auxis thazard (Lacepede) 
age and growth in the eastern part of the Equatorial Atlantic. Collective Volume of 
Scientific Papers, ICCAT 25: 269-274. 
247. Guanco MR (1991) Growth and mortality on indian mackerel Rastrelliger kanagurta 
(Scombridae) in the Visayas Sea, central Philippines. Fishbyte 9: 13-15. 
248. Gunn J, Polacheck T, Davis T, Klaer N, Cowling A, et al. (1998) Fishery indicators for 
the SBT stock: an update of 12 indicators first used in 1988 plus additional 
indicators from the 1990's. 1-25 p. 
249. Gunn JS, Clear NP, Carter TI, Rees AJ, Stanley CA, et al. (2008) Age and growth in 
southern bluefin tuna, Thunnus maccoyii (Castelnau): Direct estimation from 
otoliths, scales and vertebrae. Fisheries Research 92: 207-220. 
250. Hafiz A (1986) Skipjack fishery in the Maldives. FAO Indo-Pacific Tuna Development 
and Management Programme Collective volume of working documents presented 
Life history data set 
 
306 
at the third meeting of the working group on tunas in the EEZ of Maldives and Sri 
Lanka, 22-25 September 1986. Colombo, Sri Lanka. pp. 30-46. 
251. Hajjej G, Hattour A, Allaya H, Jarboui O, Bouain A (2010) Biology of little tunny 
Euthynnus alletteratus in the Gulf of Gabes, Southern Tunisia (Central 
Mediterranean Sea). Revista de Biologia Marina y Oceanografia. Revista de 
Biologia Marina y Oceanografia 45: 399–406. 
252. Hallier JP, Gaertner D (2006) Estimated growth rate of the skipjack tuna 
(Katsuwonus pelamis) from tagging surveys conducted in the Senegalese area 
(1996-1999) within a meta-analysis framework. Collective Volume of Scientific 
Papers, ICCAT 59: 411-420. 
253. Hallier JP, Stéquert B, Maury O, Bard FX (2005) Growth of bigeye tuna (Thunnus 
obesus) in the eastern Atlantic Ocean from tagging-recapture data and otoliht 
readings. Collective Volume of Scientific Papers, ICCAT 57: 181-194. 
254. Hamada T, Iwai S (1967) Biological studies on Sawara resources in Harima-Nada 
and adjacent waters-I. On some morphological characters and growth. Bulletin of 
the Japanese Society of Scientific Fisheries 33: 1013-1020. 
255. Hamasaki S (1993) Age and growth of Japanese Spanish mackerel in the east China 
Sea and Yellow Sea. Bulletin of Seikai National Fisheries Research Institute 
(Japan) 71: 101-110. 
256. Hampton J (1986) Effect of tagging on the condition of southeren bluefin tuna, 
Thunnus maccoyii (Castlenau). Australian Journal of Marine and Freshwater 
Research 37: 699-705. 
257. Hampton J (1991) Estimation ot southern bluefin tuna Thunnus maccoyii growth 
parameters from tagging data, using von Bertalanffy models incorporating 
individual variation. Fishery Bulletin 89: 577-590. 
258. Hampton J (1991) Estimation of southern bluefin tuna Thunnus maccoyii natural 
mortality and movement rates from tagging experiments. Fishery Bulletin 89: 591-
610. 
259. Hampton J (2000) Natural mortality rates in tropical tunas: size really does matter. 
Canadian Journal of Fisheries and Aquatic Sciences 57: 1002-1010. 
260. Hansen JE (1987) Aspectos biológicos y pesqueros del bonito del Mar Argentino 
(Pisces, Scombridae, Sarda sarda). Collective Volume of Scientific Papers, ICCAT 
26: 441-442. 
261. Hansen JE (1988) Caracterización morfométrica y merística del bonito argentino. 
Revista de Investigación y Desarrollo Pesquero 8: 11- 18. 
262. Hansen JE (1989) Crecimiento del "bonito" argentino (Pisces, Scombridae, Sarda 
sarda). Physis (A) 47: 13-19. 
263. Hassani S, Stéquert B (1991) Sexual maturity, spawning and fecundity of the 
yellowfin tuna (Thunnus albacares) of the western Indian Ocean. FAO Indo-Pacific 
Tuna Development and Management Programme Collective volume of working 
documents presented at the Expert Consultation on Stock Assessment of Tunas in 
the Indian Ocean 2-6 July 1990. Bangkok, Thailand. pp. 91-107. 
264. Hattour A (1984) Analyse de l'age, de la croissance et des captures des thons 
rouges (Thunnus thynnus) et des thonines (Euthynnus alleteratus L.) peches dans 
les eaux Tunisiennes. Bulletin de l'Institut National Scientifique et Technique 
d'Océanographie et de Pêche 11: 5-39. 
   Appendices 
 
307 
265. Hattour A (2000) Contribution a l'etude des poissons pelagiques des eaux 
Tunisiennes [These de Doctorat]. Tunisie: Université de Tunis II. 327 p. 
266. Hazin FHV, Hazin HG, Zagaglia CR, Travassos P, Júnior MFG (2001) Analyses des 
captures de la pêche à la senne réalisées par le ``B.P. Xixili´´ dans l 'Océan 
Atlantique équatorial. Collective Volume of Scientific Papers, ICCAT 52: 488-498. 
267. Headley MD (2005) A preliminary study of the diet and other biological characteristics 
of the blackfin tuna (Thunnus atlanticus) in Tobago [Master Thesis]. Tobago: The 
University of the West Indies. 57 p. 
268. Hearn WS, Polacheck T (2003) Estimating long-term growth-rate changes of 
southern bluefin tuna (Thunnus maccoyii) from two periods of tag-return data. 
Fishery Bulletin 101: 58-74. 
269. Hennemuth RC (1959) Additional information on the length-weight relationship of 
skipjack tuna from the eastern tropical Pacific Ocean. Bulletin of the Inter-American 
Tropical Tuna Commission, IATTC 4: 23-37. 
270. Hennemuth RC (1961) Size and year class composition of catch, age and growth of 
yellowfin tuna in the eastern tropical Pacific Ocean for the years 1954-1958. 
Bulletin of the Inter-American Tropical Tuna Commission, IATTC 5: 1-112. 
271. Hogarth WT (1976) Life history aspects of the wahoo Acanthocybium solandri 
(Cuvier and Valenciennes) from the coast of North Carolina [Ph.D Thesis]. Raleigh, 
United States: North Carolina State University. 107 p. 
272. Hongskul V (1974) Population dynamics of pla tu Rastrelliger neglectus (Van 
Kampen) in the Gulf of Thailand. Bangkok, Thailand. 297 p. 
273. Hsu CC (1991) Parameters estimation of generalized von Bertalanffy growth 
equation. Acta Oceanographica Taiwanica 26: 66-77. 
274. Hsu CC (1999) The length-weight relationship of albacore, Thunnus alalunga, from 
the Indian Ocean. Fisheries Research 41: 87-92. 
275. Hsu CC, Liu HC, Wu CL, Huang ST, Liao HK (2000) New information on age 
composition and length–weight relationship of bluefin tuna, Thunnus thynnus, in 
the southwestern north Pacific. Fisheries Science 66: 485- 493. 
276. Hu F, Yang RT (1972) A preliminary study on sexual maturity and fecundity of 
skipjack tuna. Journal of the Fisheries Society of Taiwan 1: 88-98. 
277. Huang CS, Wu CL, Kuo CL, Su WC (1991) Age and growth of the Indian Ocean 
albacore, Thunnus alalunga, by scales. FAO Indo-Pacific Tuna Development and 
Management Programme Collective volume of working documents presented at 
the Expert Consultation on Stock Assessment of Tunas in the Indian Ocean 2-6 
July 1990. Bangkok, Thailand. pp. 111-122. 
278. Hunter JR, Macewicz BJ (1986) The spawning frequency of skipjack tuna, 
Katsuwonus pelamis, from the south Pacific. Fishery Bulletin 84: 895-903. 
279. Hurley PCF, Iles TD (1983) Age and growth estimation of Atlantic bluefin tuna, 
Thunnus thynnus, using otoliths. NOAA-NMFS Technical Report 8: 71-75. 
280. Hwang SD, Kim JY, Lee TW (2008) Age, growth, and maturity of chub mackerel off 
Korea. North American Journal of Fisheries Management 28: 1414-1425. 
281. Hwang SD, Lee TW (2005) Spawning dates and early growth of chub mackerel 
Scomber japonicus as indicated by otolith microstructure of juveniles in the inshore 
nursery ground. Fisheries Science 71: 1185-1187. 
Life history data set 
 
308 
282. IGFA (2010) Database of International Game Fish Association angling records until 
2010. Fort Lauderdale, United States: IGFA. 
283. Ingles J, Pauly D (1984) An atlas of the growth, mortality and recruitment of 
Philippines fishes. ICLARM Technical Report 13: 1-127. 
284. Inoue T, Wada Y, Tojima T, Takeno K (2007) Age and migration of the Japanese 
Spanish mackerel (Scomberomorus niphonius) in the coastal waters of Kyoto 
prefecture. Bulletin of the Kyoto Institute of Oceanic and Fishery Science 29: 1-6. 
285. IOTC (2006) Report of the ninth session of the scientific committee, 6-10 November 
2006, Victoria, Seychelles. Victoria, Seychelles. 
286. Isakov VI (1973) Growth and total mortality of mackerel from the new England area. 
International Commission for the Northwest Atlantic Fisheries Research Document 
73: 1-7. 
287. ISC (2006) Report of the ISC – Albacore Working Group Stock Assessment 
Workshop. National Research Institute of Far Seas Fisheries, 5-7-1, 28- November 
- 5 December 2006. Orido, Shizuoka, Japan. 60 p. 
288. Itano DG (2000) The reproductive biology of yellowfin tuna (Thunnus albacares) in 
Hawaiian waters and the western tropical Pacific Ocean: Project summary. 1-69 p. 
289. Ito RY, Hawn DR, Collette BB (1994) First record of the butterfly kingfish 
Gasterochisma melampus (Scombridae) from the north Pacific Ocean. Japanese 
Journal of Ichthyology 40: 482-486. 
290. Ivanov LS. On the biology of the mackerel of the Black Sea (Scomber scombrus L.); 
1966. pp. 97-134 (In Bulgarian). 
291. Iversen ES, Yoshida HO (1957) Notes on the biology of the wahoo in the Line 
Islands. Pacific Science 11: 370-379. 
292. Iversen SA, Adoff GR (1983) Fecundity observations on mackerel from the 
Norwegian coast. International Council for the Exploration of the Sea CM H:45. 
293. Jabat M, Dalzell P (1988) Preliminary sotck assessment of the Danao ring net fishery 
for bullet tunas and small pelagic fishes in the Camotes Sea, central Visayas, 
Philippines. Bureau of Fisheries and Aquatic Resources Technical Paper Series 
11: 1-38. 
294. James PSBR, Pillai PP, Jayaprakash AA, Yohannan TM, Siraimeetan P, et al. (1992) 
Stock assessment of tunas from the Indian seas. Indian Journal of Fisheries 39: 
260-277. 
295. Jardim E, Santos A, Incom I, Bucal D, Paulo I, et al. (1998) Some biological 
parameters for several important species caught by the artisanal fleet of Guinea-
Bissau. 
296. Jenkins KLM, McBride RS (2009) Reproductive biology of wahoo, Acanthocybium 
solandri, from the Atlantic coast of Florida and the Bahamas. Marine and 
Freshwater Research 60: 893. 
297. John ME, Reddy KSN (1989) Some considerations on the population dynamics of 
yellowfin tuna, Thunnus albacares (Bonnaterre) in Indian seas. FSI Special 
Publication 2: 33-54. 
298. John ME, Sudarsan D (1993) Fishery and biology of yellowfin tuna occurring in 
oceanic fishery in Indian seas. In: Sudarsan D, John ME, editors. Tuna Research 
in India. Bombay: Fishery Survey of India. pp. 36-61. 
   Appendices 
 
309 
299. Johnson AG, Fable WA, Barger LE, Williams ML (1980) Preliminary report on the 
age and growth ok king mackerel (Scomberomorus cavalla) from the United Sates. 
Collective Volume of Scientific Papers, ICCAT 9: 722-733. 
300. Joseph J (1963) Fecundity of the yellowfin tuna (Thunnus albacares) and skipjack 
(Katsuwonus pelamis) from the eastern Pacific Ocean. Bulletin of the Inter-
American Tropical Tuna Commission, IATTC 7: 255-292. 
301. Joseph J, Calkins TP (1969) Population dynamics of the skipjack tuna (Katsuwonus 
pelamis) in the eastern Pacific Ocean. Bulletin of the Inter-American Tropical Tuna 
Commission, IATTC 13: 1-273. 
302. Joseph L, Maldeniya R, Van der Knaap M (1987) Fishery and age and growth of 
kawakawa (E. affinis) and frigate tuna (A. thazard). FAO Indo-Pacific Tuna 
Development and Management Programme Collective volume of working 
documents presented at the Expert Consultation on stock assessment of tunas in 
the Indian Ocean 4-8 December 1986, Colombo, Sri Lanka. pp. 113-123. 
303. Joshi KK, Abdussamad EM, Koya KPS, Sivadas M, Kuriakose S, et al. (2012) 
Fishery, biology and dynamics of dogtooth tuna, Gymnosarda unicolor (Rüppell , 
1838) exploited from Indian seas. Indian Journal of Fisheries 59: 75–79. 
304. Josse E, Le Guen JC, Kearney R, Lewis A, Smith A, et al. (1979) Growth of skipjack. 
Occasional paper-South Pacific Commission 11: 1-83. 
305. Julien-Flüs M (1988) A study of growth parameters and mortality rates of 
Scomberomorus brasiliensis from the coastal areas of Trinidad, west Indies. In: 
Venema S, Christensen JM, Pauly D, editors. Contributions to tropical fisheries 
biology FAO/DANIDA Follow-up Training Course on Fish Stock Assessment in the 
Tropics, Denmark, 1986 and Philippines, 1987 FAO Fisheries Report No 389. 
Rome: FAO. pp. 385-400. 
306. Kahraman AE (2005) Preliminary investigations on Atlantic black skipjack (Euthynnus 
alletteratus Raf.1810) in the eastern Mediterranean Sea. Collective Volume of 
Scientific Papers, ICCAT 58: 502-509. 
307. Kahraman AE, Alicli TZ, Akayli T, Oray IK (2008) Reproductive biology of little tunny, 
Euthynnus alletteratus (Rafinesque), from the north-eastern Mediterranean Sea. 
Journal of Applied Ichthyology 24: 551-554. 
308. Kahraman AE, Alicli TZ, Akayli T, Oray IK (2008) Reproductive biology of little tunny, 
Euthynnus alletteratus (Rafinesque), from the north-eastern Mediterranean Sea. 
Journal of Applied Ichthyology 24: 551–554. 
309. Kahraman AE, Göktürk D, Bozkurt ER, Akaylı T, Karakulak S (2010) Some 
reproductive aspects of female bullet tuna, Auxis rochei (Risso), from the Turkish 
Mediterranean coasts. African Journal of Biotechnology 9: 6813–6818. 
310. Kahraman AE, Göktürk D, Karakulak FS (2011) Age and growth of bullet tuna, Auxis 
rochei (Risso), from the Turkish Mediterranean coasts. African Journal of 
Biotechnology, 10, 3009–3013 10: 3009–3013. 
311. Kahraman AE, Oray IK (2001) The determination of age and growth parameters of 
Atlantic little tunny Euthynnus alleteratus (Rafinesque, 1810) in Turkish waters. 
Collective Volume of Scientific Papers, ICCAT 52: 719-732. 
312. Kakati VS, Chennappa Gowda N (2000) Record-sized mackerel, Rastrelliger 
kanagurta caught from Karwar waters on the west coast of India. Journal of the 
Marine Biological Association of India 41: 133-134. 
Life history data set 
 
310 
313. Kara OF (1979) Observations on growth and relationship between length and weight 
of Sarda sarda (Bloch). Investigación Pesquera (Chile) 43: 95-105. 
314. Karakulak S, Oray I, Corriero A, Aprea A, Spedicato D, et al. (2004) First information 
on the reproductive biology of the bluefin tuna (Thunnus thynnus) in the eastern 
Mediterranean. Collective Volume of Scientific Papers, ICCAT 56: 1158-1162. 
315. Karpinski B, Hallier JP (1988) Preliminary results on yellowfin spawning in the 
western Indian Ocean. FAO Indo-Pacific Tuna Development and Management 
Programme Collective volume of working documents presented at the Expert 
Consultation on stock assessment of tunas in the Indian Ocean 22-27 December 
1988. Mauritius. pp. 50-59. 
316. Kästner D (1977) Preliminary results of the occurrence of two mackerel groups 
(Scomber scombrus L.) with different growth pattern west of Britain. International 
Council for the Exploration of the Sea CM H:38. 
317. Kaymaram F, Darvishi M, Parafkandeh F, Ghasemi S, Talebzadeh SA (2011) 
Population dynamic parameters of Thunnus tonggol in the north of the Persian 
Gulf and Oman Sea. 
318. Kaymaram F, Hossainy SA, Darvishi M, Talebzadeh SA, Sadeghi MS (2010) 
Reproduction and spawning patterns of the Scomberomorus commerson in the 
Iranian coastal waters of the Persian Gulf and Oman Sea. Iranian Journal of 
Fisheries Sciences 9: 233–244. 
319. Kedidi SM, Fita NI, Abdulhadi A (1993) Population dynamics of the king seerfish 
Scomberomorus commerson along the Saudi Arabian Gulf coast. 19 p. 
320. Khorshidian K, Carrara G (1993) An analysis of the length frequencies of Thunnus 
tonggol in Hormuzgan waters, Islamic Republic of Iran. FAO Indo-Pacific Tuna 
Development and Management Programme Collective volume of working 
documents presented at the Expert Consultation on Indian Ocean Tunas, 5th 
Session, 4-8 October 1993,TWS/93/2/4. Mahe, Seychelles. pp. 76-87. 
321. Kikawa S (1962) Studies on the spawning activity of the Pacific tunas, Parathunnus 
mebachi and Neothunnus macropterus, by the gonad index examination. Nankai 
Regional Fisheries Research Laboratory 1: 43-56. 
322. Kikawa S, Ferraro MG (1966) Maturation and spawning of tunas in the Indian Ocean. 
Proceedings of the Indo-Pacific Fisheries Council 12: 65-78. 
323. Kimura R, Nashida K, Oozeki Y, Honda H (2002) Age determination method suitable 
for spotted mackerel Scomber australasicus using their otoliths. Bulletin of the 
Japanese Society of Fisheries Oceanography 66: 247-251. 
324. Kiparissis S, Tserpes G, Tsimenidis N (2000) Aspects on the demography of chub 
mackerel (Scomber japonicus Houttuyn, 1782) in the Hellenic seas. Belgian 
Journal of Zoology 130: 3-7. 
325. Kirkwood GP (1983) Estimation of von Bertalanffy growth curve parameters using 
both length increment and age-length data. Canadian Journal of Fisheries and 
Aquatic Sciences 40: 1405-1411. 
326. Kishida T, Katsumi A (1989) Maturation and spawning of Japanese Spanish 
mackerel in the central and western waters of the Seto Inland Sea. Nippon Suisan 
Gakkaishi 55: 2065-2074. 
327. Kishida T, Ueda K, Takao K (1985) Age and growth of Japanese Spanish mackerel 
in the central and western waters of the Seto Inland Sea. Bulletin of the Japanese 
Society of Scientific Fisheries 51: 529-537. 
   Appendices 
 
311 
328. Klawe WL (1963) Observations on the spawning of four species of tuna, Neothunnus 
macropterus, Katsuwonus pelamis, Auxis thazard, and Euthynnus lineatus, in the 
eastern Pacific Ocean, based on the distribution of their larvae and juveniles. 
Bulletin of the Inter-American Tropical Tuna Commission, IATTC 9: 449-540. 
329. Klawe WL, Calkins TP (1965) Length-weight relationship of black skipjack tuna, 
Euthynnus lineatus. California Fish and Game 51: 214-216. 
330. Klima EF (1959) Aspects of the biology and the fishery for Spanish mackerel, 
Scomberomorus maculatus (Mitchill), of southern Florida. Coral Gables, Florida: 
Marine Laboratory,University of Miami. 40 p. 
331. Knaggs EH, Parrish RH (1973) Maturation and growth of Pacific mackerel, Scomber 
japonicus Houttuyn. California Fish and Game 59: 114-120. 
332. Kohno H (1994) Osteology and systematic position of the butterfly mackerel, 
Gasterochisma melampus. Japanese Journal of Ichthyology 31: 268-186. 
333. Koido T, Suzuki Z (1989) Main spawning season of yellowfin tuna, Thunnus 
albacares, in the western tropical Pacific Ocean based on the gonad index. Bulletin 
of the Far Seas Fisheries Resesearch Laboratory 26: 153-164. 
334. Kono N, Hanamura Y, Nishiyama Y, Fukuda M (1997) Changes in the age 
composition of Japanese Spanish mackerel, Scomberomorus niphonius, in the 
western Seto Inland Sea, Japan. Bulletin of the Nansei Regional Fisheries 
Research Laboratory 30: 1-8. 
335. Koya KPS, Joshi KK, Abdussamad EM, Rohit P, Sivadas M, et al. (2012) Fishery, 
biology and stock structure of skipjack tuna, Katsuwonus pelamis (Linnaeus, 1758) 
exploited from Indian waters. Indian Journal of Fisheries. Indian Journal of 
Fisheries 59: 39–47. 
336. Kramer D (1960) Development of eggs and larvae of Pacific mackerel and 
distribution and abundance of larvae 1952-56. Fishery Bulletin 60: 393-438. 
337. Kramer SH (1986) Scombridae. In: Uchida RN, Uchiyama JH, editors. Fishery Atlas 
of the Northwestern Hawaiian Islands NOAA Technical Report NMFS 38. pp. 126-
127. 
338. Krishnamoorthi B (1958) Observations on the spawning season and the fisheries of 
the spotted seer, Scomberomorus guttatus (Bloch & Schneider). Indian Journal of 
Fisheries 5: 270-281. 
339. Kromer JL, Insali P, Gomes M (1994) Rio Grande de Buba - Bio-ecologie et 
parametres environnementaux. Bissau: UICN/ Ministere des Peches de Guinee-
Bissau. 118 p. 
340. Ku JF, Tzeng WN (1985) Age and growth of spotted mackerel, Scomber 
australasicus (Cuvier), in the shelf waters of northeastern and southwestern 
Taiwan. Journal Fisheries Society of Taiwan 12: 12-26. 
341. Kume S, Joseph J (1966) Size composition, growth and sexual maturity of bigeye 
tuna, Thunnus obesus (Lowe) from the Japanese long-line fishery in the eastern 
Pacific Ocean. Bulletin of the Inter-American Tropical Tuna Commission, IATTC 
11: 47-49. 
342. Kuo CM (1970) Taxonomic, growth, and maturation studies on the bonitos of the 
temperate eastern Pacific Ocean [Ph.D. Thesis]. San Diego: University of 
California. 321 p. 
Life history data set 
 
312 
343. Labelle M (1991) Estimates of age and growth for south Pacific albacore. Taipei, 
Taiwan: National Taiwan University. 17 p. 
344. Labelle M, Hampton J, Bailey K, Murray T, Fournier DA, et al. (1993) Determination 
of age and growth of south Pacific albacore (Thunnus alalunga) using three 
methodologies. Fishery Bulletin 91: 649-663. 
345. Lablache G. Preliminary assessment for the Indian mackerel (Rastrelliger kanagurta) 
in Seychelles waters. In: Sanders MJ, Sparre P, Venema SC, editors; 1988. 
346. Landau R (1965) Determination of age and growth rate in Euthynnus alleteratus and 
E. affinis using vertebrae. Rapports et Proces Verbaux des Reunions Publié par 
les Soins de Jean Furnesting Commission Internationale pour L’Exploration 
Scientifique de la Mediterranée 18: 241-244. 
347. Laurs RM, Wetherall JA (1981) Growth rates of north Pacific albacore, Thunnus 
alalunga, based on tag returns. Fishery Bulletin 79: 293-302. 
348. Lavapie-Gonzales F, Ganaden SR, Gayanilo FCJ (1997) Some population 
parameters of commercially-important fishes in the Philippines. Philippines: Bureau 
of Fisheries and Aquatic Resources. 114 p. 
349. Le Guen JC, Baudin-Laurencin F, Champagnat C (1969) Croissance de l'albacore 
(Thunnus albacares) dans les régions de Pointe-Noire et de Dakar. Cahiers 
ORSTOM Série océanographie 7: 19-40. 
350. Le Guen JC, Champagnac C (1968) Croissance des albacores dans les régions de 
Pointe-Noire et de Dakar. Document Scientifique Centre ORSTOM de Pointe-Noire 
431: 1-25. 
351. Le Guen JC, Sakagawa GT (1973) Apparent growth of yellowfin tuna from the 
eastern Atlantic Ocean. Fishery Bulletin 71: 175-187. 
352. Lee LK, Yeh SY (1993) Studies on the age and growth of south Atlantic albacore 
(Thunnus alalunga) specimens collected from Taiwanese longliners. Collective 
Volume of Scientific Papers, ICCAT 40: 354-360. 
353. Lee LK, Yeh SY (2007) Age and growth of south Atlantic albacore - a revision after 
the revelation of otolith daily ring counts. Collective Volume of Scientific Papers, 
ICCAT 60: 443-456. 
354. Lee YC, Liu HC (1992) Age determination, by vertebra reading, in Indian albacore, 
Thunnus alalunga (Bonnaterre). Journal of the Fisheries Society of Taiwan 19: 89-
102. 
355. Lehodey P, Hampton J, Leroy B (1999) Preliminary results on age and growth of 
bigeye tuna (Thunnus obesus) from the western and central Pacific Ocean as 
indicated by daily growth increments and tagging data. Noumea, New Caledonia. 
18 p. 
356. Lehodey P, Leroy B (1999) Age and growth of yellowfin tuna (Thunnus albacares) 
from the western and central Pacific Ocean as indicated by daily growth 
increments and tagging data. Tahiti. 1-21 p. 
357. Lema L, Macias D, Gómez-Vives MJ, de La Serna JM (2006) A preliminary approach 
to the Bullet tuna (Auxis rochei) fecundity in the Spanish Mediterranean. Collective 
Volume of Scientific Papers, ICCAT 59: 571-578. 
358. Lessa R, Duarte-Neto P (2004) Age and growth of yellowfin tuna (Thunnus 
albacares) in the western equatorial Atlantic, using dorsal fin spines. Fisheries 
Research 69: 157-170. 
   Appendices 
 
313 
359. Lessa RP, de Nóbrega MF, Bezerra-Junior JL (2004) Dinâmica de populaçoes e 
avaliaçao de estoques dos recursos pesqueiros da regiao nordeste. 274 p. 
360. Lewis AD, Chapman LB, Sesewa A (1983) Biological notes on coastal pelagic fishes 
in Fiji. Suva, Fiji. 72 p. 
361. Li G, Chen X, Feng B (2008) Age and growth of chub mackerel (Scomber japonicus) 
in the east China and Yellow seas using sectioned otolith samples. Journal of 
Ocean University of China (Oceanic and Coastal Sea Research) 7: 439-446. 
362. Lieske E, Myers R (1994) Collins Pocket Guide. Coral reef fishes. Indo-Pacific & 
Caribbean including the Red Sea. Haper Collins Publishers. 1-400 p. 
363. Lima JTAX, Fonteles-Filho AA, Chellappa S (2007) Biologia reproductiva da serra, 
Scomberomorus brasiliensis (osteichthyes: Scombridae), em águas costeiras do 
Rio Grande do Norte. Arquivos de Ciências do Mar 40: 24-30. 
364. Lockwood SJ (1978) (1978) The fecundity of mackerel, Scomber scombrus L. 
International Council for the Exploration of the Sea CM, H:9. International Council 
for the Exploration of the Sea CM H:9: 1-5. 
365. Lorenzo JM, González Pajuelo J (1996) Growth and reproductive biology of chub 
mackerel Scomber japonicus off the Canary Islands. South African Journal of 
Marine Science 17: 275-280. 
366. Lorenzo JM, Pajuelo JG, Ramos AG (1995) Growth of the chub mackerel Scomber 
japonicus (Pisces: Scombridae) off the Canary Islands. Scientia Marina 59: 287-
291. 
367. Lorenzo-Nespereira JM, González-Pajuelo JM (1993) Determinación de la talla de 
primera madurez sexual y período reproductivo de la caballa Scomber japonicus 
(Houttuyn, 1782) de las Islas Canarias. Boletín del Instituto Español de 
Oceanografía 9: 15-21. 
368. Lucano-Ramirez G, Ruiz-Ramirez S, Palomera-Sanchez FI, Gonzalez-Sanson G 
(2011) Reproductive biology of the Pacific sierra Scomberomorus sierra (Pisces, 
Scombridae) in the central Mexican Pacific. . Ciencias Marinas 37: 249–260. 
369. Lucas C (1974) Working paper on southern bluefin tuna population dynamics. 
Collective Volume of Scientific Papers, ICCAT 111: 110-124. 
370. Lucio P (1997) Biological aspects of mackerel (Scomber scombrus L. 1758) in the 
Bay of Biscay from the Basque country catches in the period 1987-1993. 
International Council for the Exploration of the Sea CM BB:9. 
371. Luckhurst BE, Trott T (2000) Bermuda's commercial line fishery for wahoo and 
dolphinfish: Landings, seasonality and catch per unit effort trends 
. Proceedings of the Gulf and Caribbean Fisheries Institute. Bermuda. pp. 404-413. 
372. Lushkareva NF (1960) Data on the fecundity and on the development of the gonads 
of a mackerel. Okeanographia 46: 79-94. 
373. Luther G (1973) Observations on the biology and the fishery of the Indian mackerel, 
Rastrelliger kanagurta (Cuvier) from Andaman Islands. Indian Journal of Fisheries 
20: 425-447. 
374. Macias D, Lema L, Gómez-Vives MJ, de La Serna JM (2005) Preliminary results on 
fecundity of atlantic bonito (Sarda sarda) caught in South Western Mediterranean 
Trap. Collective Volume of Scientific Papers, ICCAT 58: 1635-1645. 
Life history data set 
 
314 
375. Macías D, Lema L, Gómez-Vives MJ, Ortiz de Urbina JM, de la Serna JM (2006) 
Some biological aspects of small tunas (Euthynnus alletteratus, Sarda sarda & 
Auxis rochei) from the south western Spanish Meditarraneam traps. Collective 
Volume of Scientific Papers, ICCAT 59: 579-589. 
376. Mackie MC, Gaughan DJ, Buckworth RC (2003) Stock assessment of narrow-barred 
Spanish mackerel (Scomberomorus commerson) in western Australia. 242 p. 
377. Mackie MC, Lewis PD, Gaughan DJ, Newman SJ (2005) Variability in spawning 
frequency and reproductive development of the narrow-barred Spanish mackerel 
(Scomberomorus commerson) along the west coast of Australia. Fishery Bulletin 
103: 344-354. 
378. Maldeniya R, Joseph L (1986) On the distribution and biology oy yellowfin tuna (T. 
albacares) from the western and southern coastal waters of Sri Lanka. Collective 
Volume of Working Document, IPTP 1: 51-61. 
379. Manning MJ, Marriot PM, Taylor PR (2006) The length and age composition of the 
commercial catch of blue mackerel (Scomber australasicus) in EMA 1 during the 
2002-03 fishing year, including a comparison with data collected during the 1997-
98 fishing year, and some remarks on estimating blue mackerel ages from otoliths. 
42 p. 
380. Manooch CS, Naughton SP, Grimes CB, Trent L (1987) Age and growth of king 
mackerel, Scomberomorus cavalla, from the U.S. Gulf of Mexico. Marine Fisheries 
Review 49: 102-108. 
381. Mansor MI. On the status of the Rastrelliger and Decapterus fisheries of the west 
coast of Peninsular Malaysia in 1984-1985; 1987; Colombo, Sri Lanka. pp. 81-100. 
382. Mansor MI, Abdullah S (1995) Growth and mortality of Indian mackerel (Rastrelliger 
kanagurta) and slender scad (Decapterus russelli) off the east coast of Peninsular 
Malaysia. Scientia Marina 59: 533-457. 
383. Marcille J, Champagnat C, Armada N (1978) Croissance du patudo (Thunnus 
obesus) de l'Océan Atlantique intertropical oriental. Document Centre de 
Recherches Océanologiques, Abidjan, ORSTOM 9: 73-81. 
384. Martínez C, Böhm MG, Cerna F, Díaz E, Muñóz P, et al. (2007) Estudio biológico-
pesquero de la caballa entre la I - X regiones. Chile. 1-416 p. 
385. Martins MMB, Gordo LS (1984) On the comparison of Spanish mackerel (Scomber 
japonicus Houttuyn,1780) from Gorringe Bank and Peniche (Portuguese coast). 
International Council for the Exploration of the Sea CM H:50. 
386. Martins MMB, Jorge IM, Gordo LS (1983) On the maturity, morphological 
characteristics and growth of Scomber japonicus Houttuyn, 1780 of west 
continental coast of Portugal. 21 p. 
387. Mather FJ, Mason JM, Jones AC (1995) Historical document: life history and 
fisheries of Atlantic bluefin Tuna. NOAA Technical Memorandum, NMFS-SEFSC-
370: 1-174. 
388. Matsumoto T, Miyabe N (2002) Preliminary report on the maturity and spawning of 
bigeye tuna Thunnus obesus in the central Atlantic Ocean. Collective Volume of 
Scientific Papers, ICCAT 54: 246-260. 
389. Maxwell WD (1977) Age composition of California barracuda, Sphyraena argentea; 
Pacific bonito, Sarda chiliensis; white seabass, Cynoscion nobilis; and yellowtail, 
Seriola dorsalis from southern California partyboats 1972-1974. Fort Bragg, 
   Appendices 
 
315 
California: California Department of Fish and Game, Marine Resources Region. 22 
p. 
390. Mayo CA (1973) Rearing, growth, and development of the eggs and larvae of seven 
scombrid fishes from the Straits of Florida [Ph.D thesis]. Gainesville, Florida: 
University of Florida. 138 p. 
391. McBride RS, Richardson AK, Maki KL (2008) Age, growth, and mortality of wahoo, 
Acanthocybium solandri, from the Atlantic coast of Florida and the Bahamas. 
Marine and Freshwater Research 59: 799-807. 
392. McIlwain JL, Claereboudt MR, Al-Oufi HS, Zaki S, Goddard JS (2005) Spatial 
variation in age and growth of the kingfish (Scomberomorus commerson) in the 
coastal waters of the Sultanate of Oman. Fisheries Research 73: 283-298. 
393. McPherson GR (1991) Reproductive biology of yellowfin tuna in the eastern 
australian fishing zone, with special reference to the north-western Coral Sea. 
Australian Journal of Marine and Freshwater Research 42: 465-477. 
394. McPherson GR (1992) Age and growth of the narrow-barred Spanish mackerel 
(Scomberomorus commerson Lacépède, 1800) in north-eastern Queensland 
waters. Australian Journal of Marine and Freshwater Research 43: 1269-1282. 
395. McPherson GR (1993) Reproductive biology of the narrow barred Spanish Mackerel 
(Scomberomorus commerson Lacepede,1800) in Queensland waters. Asian 
Fisheries Science 6: 169-182. 
396. Medina A, Abascal FJ, Megina C, García A (2002) Stereological assessment of the 
reproductive status of female Atlantic northern bluefin tuna during migration to 
Mediterranean spawning grounds through the Strait of Gibraltar. Journal of Fish 
Biology 60: 203-217. 
397. Medina-Gómez SP (2006) Edad y crecimiento de la sierra del Pacífico 
Scomberomorus Sierra (Jordan y Starks, 1895), en el Golfo de California, México 
[Tesis de Maestria]. La Paz: Instituto Politécnico Nacional, Centro Interdisciplinario 
de Ciencias Marinas. 51 p. 
398. Medina-Quej A, Domínguez-Viveros M (1997) Edad y crecimiento del 
Scomberomorus maculatus (Scombriformes: Scombridae) en Quintana Roo, 
México. Revista de Biologia Tropical 45: 1155-1161. 
399. Megalofonou P (1990) First age estimates of albacore, Thunnus alalunga Bonn, in 
the Aegean Sea using scales. Rapports et Procès-Verbaux des Réunions 
Commission Internationale pour l'Exploration Scientifique de la Mer Mediterranée 
32: 1-268. 
400. Megalofonou P (1991) Size distribution, length-weight relationships, age and sex of 
albacore, Thunnus alalunga Bonn., in the Aegean Sea. FAO Fisheries Report No 
449: 197-213. 
401. Megalofonou P (2000) Age and growth of Mediterranean albacore. Journal of Fish 
Biology 57: 700-715. 
402. Mehanna SF (2001) Population dynamics and fisheries management of Indian 
mackerel Rastrelliger kanagurta in the Gulf of Suez, Egypt. Journal of King 
Abdulaziz University - Marine Sciences 12: 217-229. 
403. Mejuto J, González Garcés A (1984) Relación talla-peso de atún blanco juvenil del 
Atlántico norte. Collective Volume of Scientific Papers, ICCAT 23: 278-281. 
Life history data set 
 
316 
404. Mendes BB, Fonseca P, Campos A (2004) Weight – length relationships for 46 fish 
species of the Portuguese west coast. Journal of Applied Ichthyology 20: 355-361. 
405. Mendizabal y Oriza D (1987) Análisis preliminar del estado de la población de sierra, 
Scomberomorus maculatus (Mitchill), del Golfo de México (Período 1973-1976) 
[Tesis para obtener el título de biólogo]. México: Universidad Nacional Autónoma 
de México. 127 p. 
406. Mendo J (1984) Age, growth and some reproductive and feeding aspects of the 
Peruvian mackerel. Boletín del Instituto del Mar de Peru 8: 104-156. 
407. Menezes MF, Pessoa Aragao L (1977) Aspectos da biometria e biologia do bonito, 
Euthynnus alletteratus (Rafinisque), no estado do Ceará, Brasil. Arquivos de 
Ciências do Mar 17: 95-100. 
408. Menz A, Pizarro S (1988) The fishery, biology and bionomics of the Pacific mackerel 
(Scomber japonicus, Houttuyn 1782) in Ecuador. Boletin Cientifico y Tecnico, 
Instituto Nacional de Pesca de Ecuador 9: 16-48. 
409. Moazzam M, Badar Osmany H, Zohra K (2005) Indian mackerel (Rastrelliger 
kanagurta) from Pakistan-I. Some aspects of biology and fisheries. Records 
Zoological Survey of Pakistan 16: 58-75. 
410. Mohamad-Kasim H, Ameer Hamsa KMS (1989) On the fishery and population 
dynamics of seerfish Scomberomorus commerson (Lacepede) off Tuticorin (Gulf of 
Mannar). Central Marine Fisheries Research Institute Bulletin 44: 46-53. 
411. Mohamad-Kasim HC, Muthiah C, Pillai NGK, Yohannan TM, Manojkumar B, et al. 
(2002) Stock assessment of seerfishes in the Indian seas. In: Pillai NGK, Menon 
NG, Pillai PP, Ganga U, editors. Management of Scombroid Fisheries: Kochi, 
India, Central Marine Fisheries Research Institute. pp. 108-124. 
412. Mohan M, Kunhikoya KK (1964) Spawning biology of skipjack, Katsuwonus pelamis 
(Linnaeus) from Minicoy waters. Bulletin Central Marine Fisheries Research 
Institute, Cochin 36: 149-154. 
413. Monte S (1964) Observações sobre a estrutura histológica das gônadas da albacora, 
Thunnus atlanticus (Lesson), no nordeste do Brasil. Boletim do Instituto de 
Biologia Marinha da Universidade Federal do Rio Grande do Norte 1: 17-31. 
414. Moore HL (1951) Estimation of age and growth of yellowfin tuna (Neothunnus 
macropterus) in Hawaiian waters by size frequencies. Fishery Bulletin 52: 131-149. 
415. Moores JA, Winters GH, Parsons LS (1975) Migrations and biological characteristics 
of Atlantic mackerel (Scomber scombrus) occurring in Newfoundland waters. 
Journal of the Fisheries Research Board of Canada 32: 1347-1357. 
416. Morales-Nin B (1988) Crecimiento del Scomber japonicus (Houyttun,1872) (Pisces: 
Scombridae) y Sardinops sagax (Jenyns,1923) (Pisces: Clupeidae) en aguas 
ecuatorianas. Investigación Pesquera (Chile) 52: 483-500. 
417. Morales-Nin B (1989) Growth determination of tropical marine fishes by means of 
otolith interpretation and length frequency analysis. Aquatic Living Resources 2: 
241-253. 
418. Morrison M, Taylor P, Marriott P, Sutton C (2001) An assessment of information on 
blue mackerel (Scomber australasicus) stocks. New Zealand Fisheries 
Assessment Report 2001/44. 26 p. 
419. Morse WW (1980) Spawning and fecundity of Atlantic mackerel, Scomber scombrus, 
in the middle Atlantic Bight. Fishery Bulletin 78: 103-108. 
   Appendices 
 
317 
420. Motlagh SAT, Shojaei MG (2009) Population dynamics of narrow-barred Spanish 
mackerel (Scomberornorus commerson) in the Persian Gulf, Bushehr province, 
Iran. Indian Journal of Fisheries 56: 7-11. 
421. Moutopoulos DK, Stergiou KI (2002) Length-weight and length-length relationships of 
fish species from the Aegean Sea (Greece). Journal of Applied Ichthyology 18: 
200-203. 
422. Murayama T, Mitani I, Aoki I (1995) Estimation of the spawning period of the Pacific 
mackerel Scomber japonicus based on the changes in gonad index and the 
ovarian histology. Bulletin of the Japanese Society of Fisheries Oceanography 59: 
11-17. 
423. Murphy GI (1977) New understanding of southern bluefin tuna. Australian Fisheries 
36: 2-6. 
424. Murray PA, Joseph WB (1996) Trends in exploitation of the wahoo, Acanthocybium 
solandri, by the St. Lucian pelagic fishery. Proceedings of the Gulf and Caribbean 
Fisheries Institute 44: 737-746. 
425. Murray PA, Sarvay WB (1987) Use of ELEFAN programs in the estimation of growth 
parameters of the wahoo, Acanthocybium solandri, caught off St. Lucia, West 
Indies. Fishbyte 5: 14-15. 
426. Muthiah C (1985) Maturation and spawning of Euthynnus affinis, Auxis thazard and 
Auxis rochei in the Mangalore inshore area during 1979-82. Bulletin Central Marine 
Fisheries Research Institute, Cochin 36: 71-85. 
427. Muus BJ, Nielsen JG (1999) Sea fish. Scandinavian Fishing Year Book. Denmark: 
Hedehusene. 1-340 p. 
428. Mwebaza-Ndawula L (1990) Seasonal variation in abundance of the Indian mackerel, 
Rastrelliger kanagurta Cuvier (Pisces: Scombridae) along the Zanzibar coast of 
east Africa. Hydrobiologia 190: 233-239. 
429. Nagai T, Takeda Y, Nakamura Y, Shinohara M, Ueta Y, et al. (1996) Stock status of 
Spanish mackerel, Scomberomorus niphonius, in the eastern Seto Inland Sea, 
Japan. Bulletin of the Nansei Regional Fisheries Research Laboratory 29: 19-26. 
430. Naik SK, Tiburtius A, Bhalkar SR (1998) Biology of the seerfish landed by exploratory 
trawlers. Indian Journal of Fisheries 45: 35-41. 
431. Nakamura EL, Uchiyama JH. Length-weight relations of Pacific tunas. In: Manar TA, 
editor; 1966. Honolulu, Hawaii. pp. 197-201. 
432. Nakamura I (1990) Scombridae. In: Gon O, Heemstra PC, editors. Fishes of the 
Southern Ocean: J.L.B. Smith Institute of Ichthyology, Grahamstown, South Africa. 
pp. 404-405. 
433. Natarajan R, Bensam P (1978) Eggs and early larvae of the Indian mackerel, 
Rastrelliger kanagurta (Cuvier) from nearshore waters of Porto Novo. Current 
Science 47: 829-830. 
434. Nava-Ortega RA, Espino-Barr E, Gallardo-Cabello M, Puente-Gómez M, Cabral-Solís 
EG (2012) Growth analysis of the Pacific sierra Scomberomorus sierra in Colima, 
México. Revista de Biologia Marina y Oceanografia 47: 273–281. 
435. Neilson JD, Campana SE (2008) A validated description of age and growth of 
western Atlantic bluefin tuna (Thunnus thynnus). Canadian Journal of Fisheries 
and Aquatic Sciences 65: 1523-1527. 
Life history data set 
 
318 
436. Neja Z (1992) Maturation and fecundity of Mackerel (Scomber scombrus L.) in 
northwest Atlantic. Acta Ichthyologia et Piscatoria 22: 125-140. 
437. Niiya Y (2001) Maturation cycle and batch fecundity of the bullet tuna Auxis rochei off 
Cape Ashizuri, southwestern Japan. Nippon Suisan Gakkaishi 67: 10-16. 
438. Niiya Y (2001) Age, growth, maturation and life of bullet tuna Auxis rochei in the 
Pacific waters off Kochi prefecture. Nippon Suisan Gakkaishi 67: 429-437. 
439. Nikaido H, Miyabe N, Ueyanagi S (1991) Spawning time and frequency of bigeye 
tuna,Thunnus obesus. Bulletin of the National Research Institute of Far Seas 
Fisheries 28: 47-73. 
440. Noble A, Gopakumar G, Gopalakrishna-Pillai N, Kulkarni GM, Narayana-Kurup K, et 
al. (1992) Assessment of mackerel stock along the Indian coast. Indian Journal of 
Fisheries 39: 119-124. 
441. Nóbrega MF, Lessa RP (2009) Age and growth of the king mackerel 
(Scomberomorus cavalla) off the northeastern coast of Brazil. Brazilian Journal of 
Oceanography 57: 273-285. 
442. Nomura H (1967) Dados biológicos sobre a serra Scomberomorus maculatus 
(Mitchill), das águas Cearenses. Arquivo da Estação de Biologia Marinha, 
Universidade Federal Ceara 7: 29-39. 
443. Nomura H, de Sousa Rodrigues MS (1967) Biological notes on king mackerel, 
Scomberomorus cavalla (Cuvier), from northeastern Brazil. Arquivo da Estação de 
Biologia Marinha, Universidade Federal Ceara 7: 79-85. 
444. Nootmorn P (2004) Reproductive biology of bigeye tuna in the eastern Indian Ocean. 
IOTC Proceedings 7: 1-5. 
445. Nootmorn P, Yakoh A, Kawises K (2005) Reproductive biology of yellowfin tuna in 
the eastern Indian Ocean. Phuket, Thailand. 8 p. 
446. Nurhakim S (1995) Population dynamics of ikan banyar (Rastrelliger kanagurta) in 
the Java Sea. In: Potier M, Nurhakim S, editors. BIODYNEX : Biology, Dynamics, 
Exploitation of the Small Pelagic Fishes in the Java Sea: AARD/ORSTOM. pp. 
109-123. 
447. Nzioka RM (1991) Population characteristics of kingfish Scomberomorus 
commerson, in inshore waters of Kenya. FAO Indo-Pacific Tuna Development and 
Management Programme Collective volume of working documents presented at 
the Expert Consultation on Stock Assessment of Tunas in the Indian Ocean 2-6 
July 1990. Bangkok, Thailand. pp. 200-207. 
448. O'Brien L, Burnett J, Mayo RK (1993) Maturation of nineteen species of finfish off the 
northeast coast of the United States, 1985-1990. 1-66 p. 
449. O'Driscoll RL, McClatchie S (1997) Spatial distribution of planktivorous fish schools in 
relation to krill abundance and local hidrography off Otago, New Zeland. Deep-Sea 
Research II 45: 1295-1325. 
450. Oliva-López J, González L (1987) Fecundidad parcial de la caballa de Chile 
(Scomber japonicus) 1987. Santiago, Chile. 18 p. 
451. Orange CJ (1961) Spawning of yellowfin tuna and skipjack in the eastern tropical 
Pacific, as inferred from studies of gonad development. Bulletin of the Inter-
American Tropical Tuna Commission, IATTC 5: 459-526. 
452. Oray IK, Karakulak FS, Zengin M (2004) Report on the Turkish bonito (Sarda sarda) 
fishery in 2000/2001. Collective Volume of Scientific Papers, ICCAT 56: 784-788. 
   Appendices 
 
319 
453. Ortiz de Zárate V, Cummings-Parrack N, Rodriguez-Cabello C (1994) New tag-
recapture growth analysis for north Atlantic albacore data. Collective Volume of 
Scientific Papers, ICCAT 42: 395-401. 
454. Ortiz de Zárate V, Parrack NC (1996) Note on updated tag-recapture growth 
analyses for north Atlantic albacore. Collective Volume of Scientific Papers, ICCAT 
43: 247-253. 
455. Ortiz de Zárate V, Restrepo V (2001) Analysis of tagging data from north Atlantic 
albacore: von Bertalanffy growth estimates and catch-at-age. Collective Volume of 
Scientific Papers, ICCAT 52: 1435-1446. 
456. Ortiz M, Palmer C (2008) Review and estimates of von Bertalanffy growth curves for 
the king mackerel Atlantic and Gulf of Mexico stock units. 
457. Ostapenko AT (1988) Age, croissance et caracteristiques morphologiques du 
maquereau espagnol (Scomber japonicus Houtt.) de l'Atlantique sud-est. 
Collection of Scientific Papers International Commission for the Southeast Atlantic 
Fisheries 15: 161-174. 
458. Otsu T, Hansen R (1962) Sexual maturity and spawning of the albacore in the central 
south Pacific Ocean. Fishery Bulletin 62: 151-162. 
459. Ouchi A (1978) Studies on the age and growth of common mackerel, Scomber 
japonicus, in the waters west of Kyushu and east of Tsushima Islands. Bulletin of 
Seikai Regional Fisheries Research Laboratory (Japan) 51: 97-110. 
460. Pagavino M, Gaertner D (1995) Ajuste de una curva de crecimiento a frecuencias de 
tallas de atún listado (Katsuwonus pelamis) pescado en el Mar Caribe suroriental. 
Collective Volume of Scientific Papers, ICCAT 44: 303-309. 
461. Pardo AS, Oliva JL (1992) Estimación de la talla de primera madurez sexual de 
caballa (Scomber japonicus peruanus) en la zona norte de Chile durante el 
período de máxima actividad reproductiva. Investigación Pesquera (Chile): 97-106. 
462. Parks W, Bard FX, Cayré P, Kume S, Santos-Guerra A (1982) Length-weight 
relations for bigeye tuna captured in the eastern Atlantic Ocean. Collective Volume 
of Scientific Papers, ICCAT 17: 214-225. 
463. Parrack ML, Phares PL (1979) Aspects of the growth of Atlantic bluefin tuna 
determined from mark-recapture data. Collective Volume of Scientific Papers, 
ICCAT 8: 356-366. 
464. Pathansali D (1962) A preliminary report on the Rastrelliger fishery in Malaya. 
Proceedings of the Indo-Pacific Fisheries Council 9: 37-48. 
465. Pathansali D (1967) Observations on the gonad maturity stages of female 
Rastrelliger kanagurta (Cuvier). Proceedings of the Indo-Pacific Fisheries Council 
12: 116-123. 
466. Pauly D, Aung S (1984) Population dynamics of some fishes of Burma based on 
length-frequency data. Rome: FAO. 22 p. 
467. Pauly D, de Vildoso AC, Mejia J, Samamé M, Palomares ML (1987) Population 
dynamics and estimated anchoveta consumption of bonito (Sarda chiliensis) off 
Peru, 1953 to 1982. In: Pauly D, Tsukayama I, editors. The Peruvian anchoveta 
and its upwelling ecosystem: three decades of changes. Makati, Metro Manila, 
Philippines: ICLARM studies and Reviews 15. pp. 248-267. 
468. Peña N, Alheit J, Nakama ME (1986) Fecundidad parcial de la caballa del Peru 
(Scomber japonicus peruanus). Boletín del Instituto del Mar del Peru 10: 91-104. 
Life history data set 
 
320 
469. Penney AJ (1994) Morphometric relationships, annual catches and catch-at-size for 
South African caught south Atlantic albacore (Thunnus alalunga). Collective 
Volume of Scientific Papers, ICCAT 42: 371-382. 
470. Pereira J (1984) Croissance du patudo (Parathunnus obesus) de l'Atlantique. 
Collective Volume of Scientific Papers, ICCAT 21: 143-154. 
471. Perrotta RG (1992) Growth of mackerel (Scomber japonicus Houttuyn, 1782) from 
the Buenos Aires-north Patagonian region (Argentine Sea). Scientia Marina 56: 7-
16. 
472. Perrotta RG, Carvalho N, Isidro E (2005) Comparative study on growth of chub 
mackerel (Scomber japonicus Houttuyn,1782) from three different regions: NW 
Mediterranean, NE and SW Atlantic. Revista de Investigación y Desarrollo 
Pesquero 17: 67-79. 
473. Perrotta RG, Christiansen HE (1990) Estimación de la frecuencia reproductiva y 
algunas consideraciones acerca de la pesca de la caballa (Scomber japonicus) en 
relación con el comportamiento de los cardúmenes. Physis (Buenos Aires) 
Seccion A,: 1-14. 
474. Perrotta RG, Forciniti L (1988) Sobre la edad y el crecimiento de la caballa (Scomber 
japonicus) del área marplatense. Revista de Investigación y Desarrollo Pesquero 
8: 19-32. 
475. Perrotta RG, Forciniti L (1994) Un análisis del crecimiento de la caballa (Scomber 
japonicus) en dos áreas de su distribución. Frente Maritimo 15: 101-109. 
476. Perrotta RG, Forciniti L, Cousseau MB, Hansen JE (1990) Parte I. Cálculo de los 
parámetros de crecimiento, estimación de tasas de mortalidad y análisis de otros 
aspectos biológicos del efectivo marplatense. Período Enero de 1980 - Diciembre 
de 1985. Contribución - Instituto Nacional de Investigación y Desarrollo Pesquero 
Informe Técnico. pp. 43-65. 
477. Pillai NGK, Pillai PP, Said-Koya KP, Sathianandan TV (1996) Assessment of the 
stock of kingseer, Scomberomorus commerson (Lacepede), along the west coast 
of India. In: Anganuzzi AA, Stobberup KA, Webb NJ, editors. FAO Indo-Pacific 
Tuna Development and Management Programme Collective volume of working 
documents presented at the Expert Consultation on Indian Ocean Tunas, 25-29 
September 1995. Colombo, Sri Lanka. pp. 299-311. 
478. Pillai PP, Pillai NGK, Muthiah C, Yohannan TM, Mohamad Kasim H, et al. (2002) 
Stock assessment of coastal tunas in the Indian Seas. In: Pillai NGK, Menon NG, 
Pillai PP, Ganga U, editors. Management of Scombroid Fisheries. Kochi: Central 
Marine Fisheries Research Institute. pp. 125-130. 
479. Pillai PP, Pillai NGK, Muthiah C, Yohannan TM, Mohamad-Kasim H, et al. (2002) 
Status of exploitation of coastal tunas in the Indian seas. In: Pillai NGK, Menon 
NG, Pillai PP, Ganga U, editors. Management of Scombroid Fisheries: Central 
Marine Fisheries Research Institute, Kochi, India. 
480. Pillai PP, Pillai NGK, Sathianandan TV, Elayathu MNK (1994) Fishery biology and 
stock assessment of Scomberomorus commerson (Lacepede) from the south-west 
coast of India. FAO Indo-Pacific Tuna Development and Management Programme 
Collective volume of working documents presented at the Expert Consultation on 
Indian Ocean Tunas, Mahe, Seychelles, 4-8 October 1993. Colombo, Sri Lanka. 
pp. 55-61. 
481. Pillay PP, Gopakumar G (1989) Stock assessment of migratory fish species based 
on localized data - oceanic skipjack tuna pole and line fishery at Minicoy as a case 
   Appendices 
 
321 
study. Contributions to tropical fish stock assessment in India FAO/DANIDA/ICAR 
National Follow-up Training Course on Fish Stock Assessment, 2 - 28 November. 
Cochin. pp. 127-142. 
482. Pizarro de Rodríguez S (1983) Estudio preliminar sobre la edad y crecimiento del 
Scomber japonicus Houttuyn en aguas ecuatorianas. Revista de Ciencias Marinas 
y Limnologia 2: 79-95. 
483. Pó LA, Dionísio C, de Paula e Silva R (1992) Growth of skipjack Katsuwonus pelamis 
from Mozambique. Revista de Investigação Pesqueira (Maputo) 21: 98-105. 
484. Polacheck T, Eveson JP, Laslett GM (2004) Increase in growth rates of southern 
bluefin tuna (Thunnus maccoyii) over four decades: 1960 to 2000. Canadian 
Journal of Fisheries and Aquatic Sciences 61: 307-322. 
485. Postel E (1954) Comparaison entre la taille des mâles et des femelles. Taille de 
première maturité chez Euthynnus alliteratus (Raf.). Bulletin de la Societe 
Scientifique de Bretagne 29: 155-157. 
486. Postel E (1955) Contribution à l'étude de la biologie de quelques Scombridae de 
l'Atlantique tropico-oriental [These de Doctorat]. France: Université de Rennes. 1-
167 p. 
487. Postel E (1956) Essai sur la Palomette Orcynopsis unicolor (Geoffroy Saint-Hilaire, 
1809). Bulletin de l'Institut Fondamental d'Afrique Noire Série A Sciences 
Naturelles 18: 1220-1248. 
488. Powell D (1975) Age, growth, and reproduction in Florida stocks of Spanish 
mackerel, Scomberomorus maculatus. Florida Marine Research Publications 5: 1-
21. 
489. Prabhakar A, Dudley RG (1989) Age, growth and mortality rates of longtail tuna 
Thunnus tonggol (Bleeker) in Omani waters based on length data. FAO Indo-
Pacific Tuna Development and Management Programme Report of the Workshop 
on Tunas and Seerfishes in the Arabian Sea Region, IPTP/89/GEN/16, February 
1989. Muscat, Oman. pp. 90-96. 
490. Quiñones-Velázques C (2006) Dinámica Poblacional de la Sierra del Golfo 
Scomberomorus Concolor (Lockington, 1879) y de la Sierra del Pacífico 
Scomberomorus Sierra (Jordan y Starks, 1895) en el Golfo de California. 
491. Quiñónez-Velázquez C (2007) Biología y dinámica poblacional de Scomberomurus 
concolor en el Golfo de California. 1-3 p. 
492. Quiñónez-Velázquez C, Gluyas-Millán MG (1996) Evidence of different stocks of 
Mackerel, Scomber japonicus. Ciencias Marinas 22: 377-395. 
493. Rafail SZ (1972) Studies of Red Sea fisheries by light and purse-seine near Al-
Ghardaqa. Bulletin of the Institute of Oceanography and Fisheries (Cairo) 2: 25-49. 
494. Rafail SZ (1972) A statistical study of length-weight relationship of eight Egyptian 
fishes. Bulletin of the Institute of Oceanography and Fisheries (Cairo) 2: 136-156. 
495. Raju G. Studies on the spawning of the oceanic skipjack Katsuwonus pelamis 
(Linnaeus) in Minicoy waters; 1964; Mandapam Camp, India. pp. 744-768. 
496. Ramírez-Arredondo I (1990) Aspectos biométricos de la carachana pintada, 
Euthynnus alletteratus (Pisces: Scombridae) de los alrededores de la Isla Picua, 
Edo, Sucre, Venezuela. Boletin del Instituto Oceanografico de Venezuela 29: 141-
151. 
Life history data set 
 
322 
497. Ramírez-Arredondo I (1993) Aspectos reproductivos de la carachana pintada, 
Euthynnus alletteratus (Pisces:Scombridae) de los alrededores de la Isla de Picua, 
Estado Sucre, Venezuela. Boletin del Instituto Oceanografico de Venezuela 32: 
69-78. 
498. Ramírez-Arredondo I, Silva J, Marchán F (1996) Relación longitud peso y factor de 
condición en Euthynnus alletteratus (Rafinesque 1810), (Pisces: Scombridae) de 
los alrededores de las Islas los Testigos, Venezuela. Boletin del Instituto 
Oceanografico de Venezuela 35: 63-68. 
499. Ramon D, Bailey K (1996) Spawning seasonality of albacore, Thunnus alalunga in 
the south Pacific Ocean. Fishery Bulletin 94: 725-733. 
500. Rao KVN. An account of the ripe ovaries of some Indian tunas; 1964; Mandapam 
Camp, India. pp. 733-743. 
501. Rao VR (1967) Spawning behaviour and fecundity of the Indian mackerel, 
Rastrelliger kanagurta (Cuvier), at Mangalore. Indian Journal of Fisheries 14: 171-
186. 
502. Ratty FJ, Michael-Laurs R, Kelly RM (1989) Gonad morphology, histology and 
spermatogenesis in south Pacific albacore tuna Thunnus alalunga (Scombridae). 
Fishery Bulletin 88: 207-216. 
503. Restrepo VR, Diaz GA, Walter JF, Neilson JD, Campana SE, et al. (2011) Updated 
estimate of the growth curve of Western Atlantic bluefin tuna. Aquatic Living 
Resources 23: 335–342. 
504. Rey JC, Aloi E, Ramos A (1986) Growth of the Atlantic bonito (Sarda sarda Bloch, 
1793) in the Atlantic and Mediterranean area of the Strait of Gibraltar. 
Investigación Pesquera (Chile) 50: 179-185. 
505. Rey JC, Alot E, Ramos A (1984) Synopsis biológica del bonito, Sarda sarda (Bloch) 
del Mediterraneo y Atlántico este. Collective Volume of Scientific Papers, ICCAT 
20: 469-502. 
506. Richards WJ, Bullis HR (1978) Status of the konwledge on the biology and resources 
of the blackfin tuna, Thunnus atlanticus (Pisces, Scombridae). Collective Volume 
of Scientific Papers, ICCAT 7: 130-141. 
507. Rodríguez-Cabello C, Restrepo VR, Rodríguez-Marín E, Cort JL, de la Serna JM 
(2007) Estimation of northeast Atlantic bluefin tuna (Thunnus thynnus) growth 
parameters from tagging data. Collective Volume of Scientific Papers, ICCAT 60: 
1258-1264. 
508. Rodríguez-Roda J (1964) Biología del atún,Thunnus thynnus (L), de la costa 
sudatlántica de España. Investigación Pesquera (Chile) 25: 33-146. 
509. Rodríguez-Roda J (1966) Estudio de la bacoreta, Euthynnus alletteratus (Raf.), 
bonito, Sarda sarda (Bloch) y melva, Auxis thazard (Lac.), capturados por las 
almadrabas españolas. Investigación Pesquera (Chile) 30: 247-292. 
510. Rodríguez-Roda J (1967) Fecundidad del atún, Thunnus thynnus (L.), de la costa 
sudatlántica de España. Investigación Pesquera (Chile) 31: 33-52. 
511. Rodríguez-Roda J (1979) Edad y crecimiento de la bacoreta Euthynnus alletteratus 
(Raf.) de la costa sudaltántica de España. Investigación Pesquera (Chile) 43: 591-
599. 
   Appendices 
 
323 
512. Rodríguez-Roda J (1981) Estudio de la edad y crecimiento del bonito, Sarda Sarda 
(Bloch), de la costa sudatlántica de España. Investigación Pesquera (Chile) 45: 
181-186. 
513. Rodríguez-Roda J (1982) Biología de la caballa (o estornino), Scomber 
(Pneumatophorus) japonicus Houttuyn (1782) del Golfo de Cádiz. Investigación 
Pesquera (Chile) 41: 143-259. 
514. Rodríguez-Roda J (1983) Edad y crecimiento de la melva, Auxis rochei (Risso), del 
sur de España. Investigación Pesquera (Chile) 47: 397-402. 
515. Roedel P (1938) Record-size mackerel in Santa Monica Bay. California Fish and 
Game 24: 423. 
516. Rohit P, Gupta AC (2004) Fishery, biology and stock of the Indian mackerel 
Rastrelliger kanagurta off Mangalore-Malpe in Karnataka, India. Journal of the 
Marine Biological Association of India 46: 185-191. 
517. Rohit P, Rao GS, Rammohan K (2012) Age, growth and population structure of the 
yellowfin tuna Thunnus albacares (Bonnaterre, 1788) exploited along the east 
coast of India. Indian Journal of Fisheries 59: 1-6. 
518. Romanov EV, Korotkova LP (1988) Age and growth rates of the yellow-fin tuna 
(Thunnus albacares) (Bonnaterre, 1978) (Pisces, Scombridae) in the north-western 
part of the Indian Ocean, determined by counting the rings of vertebrae. FAO Indo-
Pacific Tuna Development and Management Programme Collective volume of 
working documents presented at the Expert Consultation on Stock Assessment of 
Tunas in the Indian Ocean 22-27 June 1988. Moka, Mauritius. pp. 68-73. 
519. Romeo T, Azzurro E, Mostarda E (2005) Record of Acanthocybium solandri in the 
central Mediterranean Sea , with notes on parasites. Journal of the Marine 
Biological Association of the United Kingdom 85: 1295-1296. 
520. Ronquillo IA (1963) A contribution to the biology of Philippine tunas. FAO Fisheries 
Report No 6: 1683-1752. 
521. Ronquillo T (1964) Results of studies on the biology of tunas. Science Review 5: 60-
65. 
522. Rothschild BJ (1963) Skipjack ecology. In: van Campen WG, editor. Progress in 
1961-1962 US Fish Wildlife Service Circular. pp. 13-17. 
523. Rothschild BJ (1967) Estimates of the growth of skipjack tuna (Katsuwonus pelamis) 
in the Hawaiian Islands. Proceedings of the Indo-Pacific Fisheries Council 12: 100-
111. 
524. Rudomiotkina GP (1984) New data on reproduction of Auxis spp in the Gulf of 
Guinea. Collective Volume of Scientific Papers, ICCAT 20: 465-468. 
525. S.C. T, V.R. R (1994) Areview of the growth rate ofWest Atlantic bluefin tuna, 
Thunnus thynnus, estimated from marked and recaptured fish. Collective Volume 
of Scientific Papers, ICCAT 42: 170-172. 
526. Sabatés A, Recasens L (2001) Seasonal distribution and spawning of small tunas 
(Auxis rochei and Sarda sarda) in the northwestern Mediterranean. Scientia Marina 
65: 95-100. 
527. Sadeghi MS, Kaymaram F, Jamili S, Fatemi MR, Mortazavi MS (2009) Patterns of 
reproduction and spawning of the Scomberomorus commerson in the coastal 
waters of Iran. Journal of Fisheries and Aquatic Science 4: 32-40. 
Life history data set 
 
324 
528. Sadhotomo B, Banon-Atmadja dS (1985) On the growth of some small pelagic fishes 
in the Java Sea. Jurnal Penelitian Perikanan Laut (Journal of Marine Fisheries 
Research) 33: 53-60. 
529. Sanders MJ, Kedidi SM (1984) Stock assessment for the Indian mackerel 
(Rastrelliger kanagurta) caught by purse seine from the Gulf of Suez and more 
southern Red Sea waters. Cairo. 28 p. 
530. Santamaria N, Bello G, Corriero A, Deflorio M, Vassallo-Agius R, et al. (2009) Age 
and growth of Atlantic bluefin tuna, Thunnus thynnus (Osteichthyes: Thunnidae), in 
the Mediterranean Sea. Journal of Applied Ichthyology 25: 38-45. 
531. Santamaria N, Sion L, Cacucci M, De Metrio G (1998) Eta` ed accrescimento di 
Sarda sarda (Bloch, 1793) (Pisces, Scombridae) nello Ionio settentrionale. Biologia 
Marina Mediterranea 5: 721-725. 
532. Santana JC, Delgado de Molina A, Ariz J (1993) Estimación de una ecuación talla-
peso para Acanthocybiun solandri (Cuvier, 1832), capturado en la Isla de el Hierro 
(Islas Canarias). Collective Volume of Scientific Papers, ICCAT 40: 401-405. 
533. Santiago J (1992) Application of "Multifan" to estimate the age composition of the 
north Atlantic albacore catches. Collective Volume of Scientific Papers, ICCAT 39: 
188-195. 
534. Santiago J (1993) A new length-weight relationship for the north Atlantic albacore. 
Collective Volume of Scientific Papers, ICCAT 40: 316-319. 
535. Santiago J (2004) Dinámica de la población de atún blanco (Thunnus alalunga, 
Bonaterre 1788) del Atlántico norte [Tesis Doctoral]. España: Universidad del País 
Vasco. 354 p. 
536. Sanzo L (1933) Uova e primi stadi larvali di alalonga (Orcynus germo Ltkn.). R 
Comitato Talassografico Italiano 198: 1-11. 
537. Sato Y (1990) Common mackerel (Scomber japonicus Houttuyn) of the Pacific: its 
ecology and fishing activities. Marine and Freshwater Behaviour and Physiology 
17: 15-65. 
538. Schaefer KM (1987) Reproductive biology of black skipjack, Euthynnus lineatus, an 
eastern Pacific Tuna. Bulletin of the Inter-American Tropical Tuna Commission, 
IATTC 19: 169-260. 
539. Schaefer KM (1996) Spawning time, frequency, and batch fecundity of yellowfin tuna, 
Thunnus albacares, from Clipperton Atoll in the eastern Pacific Ocean. Fishery 
Bulletin 94: 98-112. 
540. Schaefer KM (1998) Reproductive biology of yellowfin tuna (Thunnus albacares) in 
the eastern Pacific Ocean. Bulletin of the Inter-American Tropical Tuna 
Commission, IATTC 21: 205-272. 
541. Schaefer KM, Fuller DW (2006) Estimates of age and growth of bigeye tuna 
(Thunnus obesus) in the eastern Pacific Ocean, based on otolith increments and 
tagging data. Bulletin of the Inter-American Tropical Tuna Commission, IATTC 23: 
35-77. 
542. Schaefer KM, Fuller DW, Miyabe N (2005) Reproductive biology of bigeye tuna 
(Thunnus obesus) in the eastern and central Pacific Ocean. Bulletin of the Inter-
American Tropical Tuna Commission, IATTC 23: 1-35. 
543. Schaefer MB, Orange CJ (1956) Studies of the sexual development and spawning of 
yellowfin tuna (Neothunnus macropterus) and skipjack (Katsuwonus pelamis) in 
   Appendices 
 
325 
three areas of the eastern Pacific Ocean, by examination of gonads. Bulletin of the 
Inter-American Tropical Tuna Commission, IATTC 1: 283-349. 
544. Schmidt DJ, Collins MR, Wyanski DM (1993) Age, growth, maturity, and spawning of 
Spanish mackerel, Scomberomorus maculatus (Mitchill), from the Atlantic coast of 
the southeastern United States. Fishery Bulletin 91: 526-533. 
545. Schneider W (1990) FAO species identification sheets for fishery purposes. Field 
guide to the commercial marine resources of the Gulf of Guinea. Prepared and 
published with the support of the FAO Regional Office for Africa. Rome: FAO. 268 
p. 
546. Schultze DL, Collins RA (1977) Age composition of California landings of bluefin 
tuna, Thunnus thynnus, 1963 through 1969. 1-44 p. 
547. Secor DH, Wingate RL, Neilson JD, Rooker JR, Campana SE (2008) Growth of 
Atlantic bluefin tuna: direct age estimates. ICCAT, SCRS/2008/084: 1-14. 
548. Sekharan KV (1958) On the south Kanara coastal fishery for mackerel, Rastrelliger 
kanagurta (Cuvier) together with notes on the biology of the fish. Indian Journal of 
Fisheries 5: 1-31. 
549. Serventy DL (1956) Additional observations on the biology of the northern bluefin 
tuna, Kishinoella tonggol (Bleeker), in Australia. Australian Journal of Marine and 
Freshwater Research 7: 44-63. 
550. Sette OE (1950) Biology of the Atlantic mackerel (Scomber scombrus) of north 
America. Part II - Migrations and habits. Fishery Bulletin 49: 250-358. 
551. Shimose T, Tanabe T, Chen KS, Hsu CC (2009) Age determination and growth of 
Pacific bluefin tuna, Thunnus orientalis, off Japan and Taiwan. Fisheries Research 
100: 134-139. 
552. Shingu C (1970) Studies relevant to distribution and migration of the southern bluefin 
tuna. Bulletin of the Far Seas Fisheries Resesearch Laboratory 3: 57-114. 
553. Shingu C (1978) Ecology and stock of southern bluefin tuna. Japan Association of 
Fishery Resources Protection Fishery Study 31: 88. 
554. Shiraishi T, Ketkar SD, Katoh Y, Nyuji M, Yamaguchi A, et al. (2009) Spawning 
frequency of the Tsushima Current subpopulation of chub mackerel Scomber 
japonicus off Kyushu, Japan. Fisheries Science 75: 649-655. 
555. Shiraishi T, Okamoto K, Yoneda M, Sakai T, Ohshimo S, et al. (2008) Age validation, 
growth and annual reproductive cycle of chub mackerel Scomber japonicus off the 
waters of northern Kyushu and in the east China Sea. Fisheries Science 74: 947-
954. 
556. Shomura RS. Age and growth studies of four species of tunas in the Pacific Ocean. 
In: Manar TA, editor; 1966; Honolulu, Hawaii. Bureau of Commercial Fisheries, 
Biological Laboratory, Honolulu, Hawaii. pp. 203-219. 
557. Shomura RS, Keala BA (1963) Growth and sexual dimorphism in growth of bigeye 
tuna (Thunnus obesus) a preliminary report. FAO Fisheries Report No 2: 1409-
1417. 
558. Shuford RL, Dean JM, Stéquert B, Morize E (2007) Age and growth of yellowfin tuna 
in the Atlantic Ocean. Collective Volume of Scientific Papers, ICCAT 60: 330-341. 
559. Sibert JR, Kearney RE, Lawson TA (1987) Variations de croissance des bonites 
marquees (Katsuwonus pelamis). Nouméa: South Pacific Commission. 43 p. 
Life history data set 
 
326 
560. Silas EG (1963) Synopsis of biological data on double-lined mackerel 
Grammatorcynus bicarinatus (Quoy and Gaimard) (Indo-Pacific). FAO Fisheries 
Biology synopsis No 72: 811-833. 
561. Silas EG. Aspects of the taxonomy and biology of the oriental bonito Sarda orientalis 
(Temminck and Schlegel); 1964. pp. 283-308. 
562. Silas EG, Pillai PP (1985) Exploratory fishing by oceanic drift gillnetting and purse 
seining in the Lakshadweep. Bulletin Central Marine Fisheries Research Institute, 
Cochin 36: 165-175. 
563. Silas EG, Pillai PP, Srinath M, Jayaprakash AA, Muthiah C, et al. (1985) Population 
dynamics of tunas: stock assessment. Bulletin Central Marine Fisheries Research 
Institute, Cochin 36: 20-27. 
564. Simmons DC (1969) Maturity and spawning of skipjack tuna (Katsuwonus pelamis) in 
the Atlantic Ocean, with comments on nematode infestation of the ovaries. Miami, 
USA: U.S. Dept. of the Interior, Bureau of Commercial Fisheries. 17 p. 
565. Sinovčić G (2001) Population structure, reproduction, age and growth of Atlantic 
mackerel, Scomber scombrus L. in the Adriatic Sea. Acta Adriatica 42: 85-92. 
566. Sinovčić G, Franičević M, Zorica B, Cikes-Keč V (2004) Length-weight and length-
length relationships for 10 pelagic fish species from the Adriatic Sea (Croatia). 
Journal of Applied Ichthyology 20: 156-158. 
567. Sivadas M, Abdussamad EM, Jasmine S, Rohit P, Koya KPS, et al. (2012) 
Assessment of the fishery and stock of striped bonito, Sarda orientalis (Temminck 
and Schlegel, 1844) along Kerala coast with a general description of its fishery 
from Indian coast. Indian Journal of Fisheries 59: 57–61. 
568. Sivadas M, Pillai PP, Ganga U (2002) Stock assessment of the oceanic skipjack, 
Katsuwonus pelamis in Minicoy, Lakshadweep. In: Pillai NGK, Menon NG, Pillai 
PP, Ganga U, editors. Management of Scombroid Fisheries: CMFRI; Kochi, Kochi. 
pp. 131-138. 
569. Sivasubramaniam K (1966) Distribution and length-weight relationships of tunas and 
tuna-like fishes around Ceylon. Bulletin of the Fisheries Research Station Ceylon 
19: 27-46. 
570. Skagen DW (1989) Growth patterns in the North Sea and western mackerel in 
Norwegian catches 1960-1985. International Council for the Exploration of the Sea 
CM H:21: 1-21. 
571. Sommer C, Schneider W, Poutiers JM (1996) FAO species identification field guide 
for fishery purposes. The living marine resources of Somalia. Rome: FAO. 1-376 p. 
572. Sousa MI (1992) Seasonal growth of five commercially important fishes at Sofala 
Bank, Mozambique. Revista de Investigação Pesqueira (Maputo) 21: 79-97. 
573. Sousa MI, Gislason H (1985) Reproduction, age and growth of the Indian mackerel, 
Rastrelliger kanagurta (Cuvier,1816) from Sofala Bank, Mozambique. Revista de 
Investigação Pesqueira (Maputo) 14: 1-28. 
574. Staicu I, Maxim C (1974) Observations sur la biologie et la dynamique du maquereau 
espagnol (Scomber japonicus colias Gmelin) dans l'Atlantique centre-est. Cercetari 
Marine/Recherches Marines 7: 113-128. 
575. Stéquert B, Conand F. Age and growth of bigeye tuna (Thunnus obesus) in the 
western Indian Ocean; 2003. pp. 1-17. 
   Appendices 
 
327 
576. Stéquert B, Panfili J, Dean J (1996) Age and growth of yellowfin tuna, Thunnus 
albacares, from the western Indian Ocean, based on otolith microstructure. Fishery 
Bulletin 94: 124-134. 
577. Stéquert B, Ramcharrun B (1995) La fécondité du listao (Katsuwonus pelamis) de 
l'ouest de l'oceán Indien. Aquatic Living Resources 8: 79-89. 
578. Stéquert B, Ramcharrun R (1996) La reproduction du listao (Katsuwonus pelamis) 
dans le bassin ouest de l'océan Indien. Aquatic Living Resources 9: 235-247. 
579. Stevens JD, Hausfeld HF, Davenport SR (1984) Observations on the biology, 
distribution and abundance of Trachurus declivis, Sardinops neopilchardus and 
Scomber australasicus in the Great Australian Bight. Cronulla, Australia: 
Commonwealth Scientific and Industrial Research Organization, Marine 
Laboratories. 27 p. 
580. Stewart J, Ferrell DJ (2001) Age, growth, and commercial landings of yellowtail scad 
(Trachurus novaezelandiae) and blue mackerel (Scomber australasicus) off the 
coast of New South Wales, Australia. New Zealand Journal of Marine and 
Freshwater Research 35: 541-551. 
581. Stobo WT, Hunt JJ (1974) Mackerel biology and history of the fishery in subarea 4. 
23 p. 
582. Sturm MGdL (1978) Aspects of the biology of Scomberomorus maculatus (Mitchill) in 
Trinidad. Journal of Fish Biology 13: 155-172. 
583. Sturm MGdL, Salter P (1989) Age, growth, and reproduction of the king mackerel 
Scomberomorus cavalla (Cuvier) in Trinidad waters. Fishery Bulletin 88: 361-370. 
584. Suarez-Caabro JA, Duarte-Bello PP (1961) Biología pesquera del bonito 
(Katsuwonus pelamis) y la albacora (Thunnus atlanticus) en Cuba. La Habana: 
Instituto Cubano de Investigaciones Tecnológicas. 151 p. 
585. Sucondhamarn P, Tantisawetrat C, Sriruangcheep U (1970) Estimation of age and 
growth of chub mackerel Rastrelliger neglectus (van Kampen) in the western Gulf 
of Thailand. In: Marr JC, editor. The Kuroshio: a symposium on the Japanese 
current: East West Center Press, Honolulu. pp. 471-480. 
586. Suda A, Kume S (1967) Survival and recruit of bigeye tuna in the Pacific Ocean, 
estimated by the data of tuna longline catch. Report of Nankai Regional Fisheries 
Research Laboratory 25: 91-103. 
587. Sudarshan D, John ME, Nair KNV (1991) Some biological considerations of yellowfin 
tuna, Thunnus albacares (Bonnaterre) taken by longline gear in the Indian EEZ. 
FAO Indo-Pacific Tuna Development and Management Programme Workshop on 
stock assessment of yellowfin tuna in the Indian Ocean, TWS/91/11. Colombo, Sri 
Lanka. pp. 18-28. 
588. Sudjastani T (1974) The species of Rastrelliger in the Java Sea, their taxonomy, 
morphometry and population dynamics [Master Thesis]. Vancouver: University of 
British Columbia. 155 p. 
589. Sun C-L, Chu S-L, Yeh S-Z (2006) Reproductive biology of bigeye tuna in the 
western and central Pacific Ocean. Manila, Philippines. 1-22 p. 
590. Sun C-L, Wang W-R, Yeh S (2005) Reproductive biology of yellowfin tuna in the 
central and western Pacific Ocean. Noumea, New Caledonia. 14 p. 
591. Sun CL, Huang CL, Yeh S, Z (2001) Age and growth of the bigeye tuna, Thunnus 
obesus, in the western Pacific Ocean. Fishery Bulletin 99: 502-509. 
Life history data set 
 
328 
592. Sutter III FC, Williams RO, Godcharles MF (1991) Growth and mortality of king 
mackerel Scomberomorus cavalla tagged in the southeastern United States. 
Fishery Bulletin 89: 733-737. 
593. Sutthakorn P, Saranakomkul R. Biological aspects of chub mackerels (Rastrelliger 
spp.) and round scads (Decapterus spp.) on the weat coast of Thailand; 1987; 
Colombo, Sri Lanka. pp. 48-80. 
594. Taghavi Motlagh SA, Hashemi SA, Kochanian P (2010) Population biology and 
assessment of kawakawa (Euthynnus affinis) in coastal waters of the Persian Gulf 
and Sea of Oman (Hormozgan Province). Iranian Journal of Fisheries Sciences 9: 
315–326. 
595. Takemori H, Sakamoto H, Ueda Y, Yamazaki H, Iwamoto A (2005) Growth of 
spanish mackerel Scomberomorus niphonius in the eastern Seto Inland Sea. 
Saibai Giken 32: 35-41. 
596. Tampubolon GH (1988) Growth and mortality estimation of Indian mackerel 
(Rastrelliger kanagurta) in the Malacca Strait, Indonesia. In: Venema S, Moller-
Christensen J, Pauly D, editors. Contributions to tropical fisheries biology 
FAO/DANIDA Follow-up Training Course on Fish Stock Assessment in the Tropics, 
Denmark, 1986 and Philippines, 1987 FAO Fisheries Report 389. Rome: FAO. pp. 
372-384. 
597. Tampubolon GH, Sedana-Merta IG. Mackerels fisheries in the Malacca Straits; 1987; 
Colombo, Sri Lanka. pp. 101-116. 
598. Tan EO. Notes on the biology of chub mackerel Rastrelliger brachysoma (Bleeker), in 
Manila Bay. In: Marr Jc, editor; 1970. East- West Center Press, Honolulu. pp. 614. 
599. Tanaka S (2006) Maturation of bluefin tuna in the Sea of Japan. Shimizu, Japan. 16-
20 p. 
600. Tandog-Edralin D, Ganaden SR, Fox P (1988) A comparative study of fish mortality 
rates in moderately and heavily fished areas of the Philippines. Contributions to 
tropical fisheries biology FAO/DANIDA Follow-up Training Course on Fish Stock 
Assessment in the Tropics, Denmark, 1986 and Philippines, 1987 FAO Fisheries 
Report No 389. Rome, Italy. pp. 468-481. 
601. Tandog-Edralin DD, Cortes-Zaragoza EC, Dalzell P, Pauly D (1990) Some aspects of 
the biology of skipjack (Katsuwonus pelamis) in Philippine waters. Asian Marine 
Biology 7: 15-29. 
602. Tankevich PB (1982) Age and growth of the bigeye tuna, Thunnus obesus 
(Scombridae) in the Indian Ocean. Journal of Ichthyology 22: 26-31. 
603. Tantivala C (2000) Some biological study of yellowfin tuna (Thunnus albacares) and 
bigeye tuna (Thunnus obesus) in the eastern Indian Ocean. IOTC Proceedings No 
3, WPTT00-30. Samuthprakarn, Thailand. pp. 436-440. 
604. Taquet M, Reynal L, Laurans M, Lagin A (2000) Blackfin tuna (Thunnus atlanticus) 
fishing around FADs in Martinique (French West Indies). Aquatic Living Resources 
13: 259-262. 
605. Taylor PR (2002) A summary of information on blue mackerel (Scomber 
australasicus), characterisation of its fishery in QMAs 7,8, and 9, and 
recommendations on appropriate methods to monitor the status of this stock. 
Wellington, New Zealand. 68 p. 
606. Thayer BD (1973) The status of the Pacific bonito resource and its management. 
California: California Department of Fish and Game. 1-16 p. 
   Appendices 
 
329 
607. Thorogood J (1986) Aspects of the reproductive biology of the southern bluefin tuna 
(Thunnus maccoyii). Fisheries Research 4: 297-315. 
608. Thorogood J (1987) Age and growth rate determination of southern bluefin tuna, 
Thunnus maccoyii, using otolith banding. Journal of Fish Biology 30: 7-14. 
609. Timohina OI, Romanov EV. Characteristics of ovogenesis and some data on 
maturation and spawning of skipjack tuna, Katsuwonus pelamis (Linnaeus, 1758), 
from the western part of the equatorial zone of the Indian Ocean. In: Anganuzzi 
AA, Stobberup KA, Webb NJ, editors; 1993. Indo-Pacific Tuna Development and 
Management Programme, Colombo, Sri Lanka. pp. 247-257. 
610. Turner SC, Restrepo VR, Eklund AM (1991) A review of the growth of Atlantic bluefin 
tuna, Thunnus thynnus. Collective Volume of Scientific Papers, ICCAT 35: 271-
293. 
611. Uchiyama JH, Boggs CH (2006) Length-weight relationships of dolphinfish, 
Coryphaena hippurus, and wahoo, Acanthocybium solandri: seasonal effects of 
spawning and possible migration in the central north Pacific. Marine Fisheries 
Review 68: 19-29. 
612. Uchiyama JH, Struhsaker P (1981) Age and growth of skipjack tuna, Katsuwonus 
pelamis, and yellowfin tuna, Thunnus albacares, as indicated by daily growth 
increments of sagittae. Fishery Bulletin 79: 151-162. 
613. Udupa KS, Krishna B (1984) Age-and-growth equation of the Indian mackerel from 
purse-seine catches off Karnataka coast. Indian Journal of Fisheries 31: 61-67. 
614. Ueyanagi S (1957) Spawning of the albacore in the western Pacific. Report of Nankai 
Regional Fisheries Research Laboratory 6: 113-124. 
615. Valdovinos-Jacobo LA (2006) Edad, crecimiento y mortalidad de la sierra del golfo 
Scomberomorus concolor (Lockington, 1879) en el Golfo de California [Maestro en 
Ciencias]. Mexico: Instituto Politecnico Nacional. 70 p. 
616. Valdovinos-Jacobo LA, Quiñónez-Velázquez C, Montemayor-López G (2006) Edad y 
crecimiento la sierra del Golfo Scomberomorus concolor (Lockington, 1879) en el 
Golfo de California. In: Espino-Barr E, Carrasco-Águila MA, Puente Gómez M, 
editors. III Foro Científico de Pesca Ribereña, Memorias. Puerto Vallarta, Jalisco: 
Sagarpa. pp. 39-40. 
617. Valle-Gómez SV (1992) Caracterización de los cardúmenes de listado (Katsuwonus 
pelamis) y atún de aleta negra (Thunnus atlanticus) en aguas de Cuba. Collective 
Volume of Scientific Papers, ICCAT 39: 12-26. 
618. van der Elst RP, Collette BB (1984) Game fishes of the east coast of southern Africa. 
2. Biology and systematics of the queen mackerel Scomberomorus plurilineatus. 
12 p. 
619. Vasconcelos JA, Conolly PC (1980) A study of some biological aspects of the fishing 
of blackfin tuna (Thunnus atlanticus, Lesson) in the State of Rio Grande do norte 
Brazil. Collective Volume of Scientific Papers, ICCAT 9: 734-738. 
620. Vasconcelos-Gesteira TC, Lobo-de Mesquita AL (1976) Época de reproduçao, 
tamanho e idade na primeira desova da Cavala e da serra, na costa do estado do 
Ceará (Brasil). Arquivos de Ciências do Mar 16: 83-86. 
621. Velasco EM, Del Arbol J, Baro J, Sobrino I (2011) Age and growth of the Spanish 
chub mackerel Scomber colias off southern Spain: a comparison between samples 
from the NE Atlantic and the SW Mediterranean. Revista de Biologia Marina y 
Oceanografia 46: 27–34. 
Life history data set 
 
330 
622. Vieira KR, Lins Oliveira JE, Barbalho MC, Garcia J (2005) Reproductive 
characteristics of blackfin tuna Thunnus atlanticus (Lesson, 1831) in northeast 
Brazil. Collective Volume of Scientific Papers, ICCAT 58: 1629-1634. 
623. Vieira MHSR (1991) Saison de ponte et sex-ratio des albacores captures au Cap 
Vert. Collective Volume of Scientific Papers, ICCAT 36: 564-586. 
624. Vijayaraghavan P (1955) Life-history and feeding habits of the spotted seer 
Scomberomorus guttatus (Bloch & Schneider). Indian Journal of Fisheries 2: 360 - 
372. 
625. Villamor B, Abaunza P, Celso-Fariña A (2004) Growth variability of mackerel 
(Scomber scombrus) off north and northwest Spain and a comparative review of 
the growth patterns in the northeast Atlantic. Fisheries Research 69: 107-121. 
626. von Seckendorff RW, Zavala-Camin LA (1985) Reproduçao, crescimento e 
distribuiçao da cavalinha (Scomber japonicus) no sudeste e sul do Brasil. Boletim 
do Instituto de Pesca 12: 1-13. 
627. Walker MG, Witthames PR, Bautista de los Santos JI (1994) Is the fecundity if the 
Atlantic mackerel (Scomber scombrus: Scombridae) determinate? Sarsia 79: 13-
26. 
628. Walsh M (1983) Investigations on the fecundity of North Sea mackerel. International 
Council for the Exploration of the Sea CM H:48. 
629. Wang CY (1987) Studies on the fishery biology of striped bonito Sarda orientalis in 
the eastern waters of Taiwan. (I) Size composition, gonadosomatic indices and sex 
ratio. Bulletin of Taiwan Fisheries Research Institute 42: 67-76. 
630. Wang Y, Liu Q (2006) Estimation of natural mortality using statistical analysis of 
fisheries catch-at-age data. Fisheries Research 78: 342-351. 
631. Wankowski JWJ (1981) Estimated growth of surface-schooling skipjack tuna, 
Katsuwonus pelamis, and yellowfin tuna, Thunnus albacares, from the Papua New 
Guinea region. Fishery Bulletin 79: 517-532. 
632. Warashina I, Hisada K (1972) Geographical distribution and body length composition 
of two tuna-like fishes, Gasterochisma melampus Richardson and Allothunnus 
fallai Serventy, taken by Japanese tuna longline fishery. Bulletin of the Far Seas 
Fisheries Research Laboratory 6: 51-75. 
633. Ward TM, Rogers PJ (2007) Development and evaluation of egg-based stock 
assessment methods for blue mackerel Scomber australasicus in southern 
Australia. 250 p. 
634. Watanabe C, Yatsu A (2006) Long-term changes in maturity at age of chub mackerel 
(Scomber japonicus) in relation to population declines in the waters off 
northeastern Japan. Fisheries Research 78: 323-332. 
635. Watanabe T (1970) Morphology and ecology of early stages of life in Japa-nese 
common mackerel, Scomber japonicus Houttuyn, with special reference to 
fluctuation of population. Bulletin of the Tokai Regional Fisheries Research 
Laboratory 62: 1-283. 
636. Watson JJ, Priede IG, Witthames PR, Owori-Wadunde A (1992) Batch fecundity of 
Atlantic mackerel, Scomber scombrus L. Journal of Fish Biology 40: 591-598. 
637. Weber E (1980) An analysis of Atlantic bigeye tuna (Thunnus obesus) growth. 
Collective Volume of Scientific Papers, ICCAT 9: 303-307. 
   Appendices 
 
331 
638. Westhaus-Ekau P, Ekau W (1982) Preliminary report of the investigations on cavala 
(Scomber japonicus) and chicharro (Trachurus picturatus) at the Department of 
Oceanography and Fisheries, Horta. Horta. 24 p. 
639. Westman JR, Gilbert PW (1941) Notes on the age determination and growth of the 
Atlantic bluefin tuna, Thunnus thynnus (Linnaeus). Copeia 2: 70-72. 
640. Wetherall JA, Michael Laurs R, Nishimoto RN, Yong MYY (1987) Growth variation 
and stock structure in north Pacific albacore. 10th North Pacific Albacore 
Workshop , 11-13 August 1987 , Far Seas Fisheries Research Laboratoty, 
Shimizu, Shizuoka, Japan. 
641. Wheeler JFG, Ommaney FD (1953) Report on the Mauritius-Seychelles Fisheries 
Survey 1948-1949. London. 148 p. 
642. White TF (1982) The Philippine tuna fishery and aspects of the population dynamics 
of tunas in Philippine waters. Colombo, Sri Lanka. 64 p. 
643. Whitley GP (1964) Scombroid fishes of Australia and New Zealand. Proceedings of 
the Symposium on Scombridae Fishes Marine Biological Association of India 
Symposium Series. pp. 221-254. 
644. Wild A (1986) Growth of yellowfin tuna, Thunnus albacares, in the eastern Pacific 
Ocean based on otolith increments. Bulletin of the Inter-American Tropical Tuna 
Commission, IATTC 18: 421-482. 
645. Williams F (1964) The scombroid fishes of east Africa. Proceedings of the 
Symposium on Scombridae Fishes Marine Biological Association of India 
Symposium Series. pp. 107-167. 
646. Williamson GR (1970) Little Tuna Euthynnus affinis in the Hong Kong area. Bulletin 
of the Japanese Society of Scientific Fisheries 36: 9-18. 
647. Wilson MA (1981) The biology, ecology and exploitation of longtail tuna, Thunnus 
tonggol (Bleeker) in Oceania [M.Sc. Thesis]. Sydney, Australia: School of 
Biological Sciences, Macquarie University. 195 p. 
648. Wolfe DC, Webb BF (1975) Slender Tuna (Allothunnus fallai Servently): First Record 
of Bulk Catches, Tasmania, 1974. Australian Journal of Marine and Freshwater 
Research 26: 213-221. 
649. Wu CC (1987) Study on the biology of skipjack tuna, Katsuwonus pelamis in the 
eastern waters of Taiwan (1) Length frequency, group maturity and sex ratio. 
Bulletin of Taiwan Fisheries Research Institute 42: 33-50. 
650. Wu CL, Kuo CL (1993) Maturity and fecundity of albacore, Thunnus alalunga 
(Bonnaterre), from the Indian Ocean. Journal of the Fisheries Society of Taiwan 
20: 135-152. 
651. Wu ZQ, Qiu SY, Yan SY (2000) Characters of reproductive biology of six pelagic 
fishes in Minnan-Taiwan Bank fishing ground. Marine Science Bulletin 19: 25-29. 
652. Yabuta Y, Yukinawa M (1957) Age and growth of yellowfin tuna (Neothunnus 
macropterus) in Japanese waters by size frequencies. Report of Nankai Regional 
Fisheries Research Laboratory 5: 127-133. 
653. Yabuta Y, Yukinawa M (1959) Growth and age of the yellowfin tuna (Neothunnus 
macropterus) in the equatorial Pacific. Report of Nankai Regional Fisheries 
Research Laboratory 11: 77-87. 
654. Yabuta Y, Yukinawa M (1963) Growth and age of albacore. Report of Nankai 
Regional Fisheries Research Laboratory 17: 111-120. 
Life history data set 
 
332 
655. Yabuta Y, Yukinawa M, Warashina Y (1960) Growth and age of yellowfin tuna. I. Age 
determination (Scale method). Report of Nankai Regional Fisheries Research 
Laboratory 12: 63-74. 
656. Yamada T, Aoki I, Mitani I (1998) Spawning time, spawning frequency and fecundity 
of Japanese chub mackerel, Scomber japonicus in the waters around the Izy 
Islands, Japan. Fisheries Research 38: 83-89. 
657. Yang RT (1970) Studies of age and growth of Atlantic albacore and a critical review 
on the stock structure. China Fisheries Monthly 213: 3-16. 
658. Yang RT, Nose Y, Hiyama Y (1969) A comparative study on the age and growth of 
yellowfin tunas from the Pacific and Atlantic oceans. Bulletin of the Far Seas 
Fisheries Research Laboratory 2: 1-21. 
659. Yao M (1981) Growth of skipjack tuna in the western Pacific Ocean. Bulletin of the 
Tohoku Regional Fisheries Research Laboratory 43: 71-82. 
660. Yesaki M (1982) Thailand. Biological and environmental observation. Rome: FAO. 46 
p. 
661. Yesaki M (1989) Estimates of age and growth of kawakawa (Euthynnus affinis), 
longtail tuna (Thunnus tonggol) and frigate tuna (Auxis thazard) from the Gulf of 
Thailand based on length data. FAO Indo-Pacific Tuna Development and 
Management Programme IPTP/89/GEN/17. Colombo, Sri Lanka. pp. 94–108. 
662. Yesaki M, Carrara G (1994) Age, growth and natural mortality of kawakawa 
(Euthynnus affinis) from the western Indian Ocean. FAO Indo-Pacific Tuna 
Development and Management Programme Proceeding of the 5th Expert 
Cunsultation on Indian Ocean Tunas, Mahe, Seychelles, 4-8-October 1993. 
Colombo, Sri Lanka. pp. 62-66. 
663. Yohannan TM (1979) The growth pattern of Indian Mackerel. Indian Journal of 
Fisheries 25: 207-216. 
664. Yohannan TM, Ganga U, Prathibha Rohit, Pillai PP, Radhakrishnan Nair PN, et al. 
(2002) Stock assessment of mackerel in the Indian seas. In: Pillai NGK, Menon 
NG, Pillai PP, Ganga U, editors. Management of Scombroid Fisheries: Central 
Marine Fisheries Research Institute, Kochi. pp. 101-107. 
665. Yohannan TM, Jayaprakash AA, Srinath M, Thiagarajan R, Livingston P, et al. (1992) 
Stock assessment of Scomberomorus commerson along the Indian coast. Indian 
Journal of Fisheries 39: 111 - 118. 
666. Yorita T (1981) Maturity of the ovaries of bluefin tuna, Thunnus thynnus (Linnaeus) 
on the Japan Sea off western coast of Hokkaido. Hokkaido Prefecture Fishery 
Experimental Station Report 38: 211-221. 
667. Yoshida HO (1980) Synopsis of biological data on bonitos of the genus Sarda. 
Rome: FAO. 50 p. 
668. Yoshida HO, Nakamura EL (1965) Notes on schooling behavior, spawning, and 
morphology of Hawaiian frigate mackerels, Auxis thazard and Auxis rochei. Copeia 
1: 111-114. 
669. Yuen HSH (1995) Maturity and fecundity of bigeye tuna in the Pacific. Special 
Scientific Report: Fisheries 150: 1-30. 
670. Yukami R, Ohshimo S, Yoda M, Hiyama Y (2009) Estimation of the spawning 
grounds of chub mackerel Scomber japonicus and spotted mackerel Scomber 
   Appendices 
 
333 
australasicus in the East China Sea based on catch statistics and biometric data. 
Fisheries Science 75: 167-174. 
671. Yukinawa M, Yabuta Y (1967) Age and growth of the bluefin tuna, Thunnus thynnus 
(Linnaeus), in the north Pacific Ocean. Report of Nankai Regional Fisheries 
Research Laboratory 25: 1-18. 
672. Zaboukas N, Megalofonou P (2007) Age estimation of the Atlantic bonito in the 
eastern Mediterranean Sea using dorsal spines and validation of the method. 
Scientia Marina 71: 691-698. 
673. Zafar-Khan M (2004) Age and growth, mortality and stock assessment of Euthynnus 
affinis (Cantor) from Maharashtra waters. Indian Journal of Fisheries 51: 209-213. 
674. Zengin M, Karakulak FS, Oray IK (2005) Investigations on bonitos (Sarda sarda, 
Bloch 1793) on the southern Black Sea coast of Turkey. Collective Volume of 
Scientific Papers, ICCAT 58: 510-516. 
675. Zhao CY, Chen LF, Zang ZJ (1982) On the early development and the reproductive 
behaviour of Auxis in Dong Hai, China. Journal of Fisheries of China 6: 243-266. 
676. Zhenbin L, Quanshui D, Youming Y, Gangchuan H (1991) Age, growth, and mortality 
of Pneumatophorus japonicus in Minnan-Taiwan Bank fishing ground. 671-678 p. 
677. Zhu G, Dai X, Xu L, Zhou Y (2010) Reproductive biology of bigeye tuna, Thunnus 
obesus, (Scombridae) in the eastern and central tropical Pacific Ocean. 
Environmental Biology of Fishes 88: 253-260. 
678. Zhu G, Xu L, Dai X, Liu W (2011) Growth and mortality rates of yellowfin tuna, 
Thunnus albacares (Perciformes: Scombridae), in the eastern and central Pacific 
Ocean. Zoologia 28: 199–206. 
679. Zhu G, Xu L, Zhou Y, Chen X (2009) Growth and mortality rates of bigeye tuna 
Thunnus obesus (Perciformes: Scombridae) in the central Atlantic Ocean. Revista 
de Biología Tropical 57: 79–88. 
680. Zhu G, Xu L, Zhou Y, Song L (2008) Reproductive biology of yellowfin tuna T. 
albacares in the west-central Indian Ocean. Journal of Ocean University of China 
(Oceanic and Coastal Sea Research) 7: 327-332. 
681. Zhu G, Zhou Y, Xu L, Dai X (2009) Growth and mortality of bigeye tuna Thunnus 
obesus (Scombridae) in the eastern and central tropical Pacific Ocean. 
Environmental Biology of Fishes, 85: 127-137. 
682. Zhu GP, Dai XJ, Song LM, Xu LX (2011) Size at sexual maturity of bigeye tuna 
Thunnus obesus (Perciformes: scombridae) in the Tropical waters: a comparative 
analysis. Turkish Journal of Fisheries and Aquatic Sciences 11: 149–156. 
683. Zorica B, Sinovčić G (2008) Biometry , length-length and length-weight relationships 
of juveniles and adults of Atlantic bonito, Sarda sarda, in the eastern middle 
Adriatic Sea. Acta Adriatica 49: 65 - 72. 
684. Zusser SG (1954) Biology and fishery for bonito in the Black Sea. Tr VNIRO 28: 160-
174. 
 
                                                
 

